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ABSTRACT
Mercury (Hg) is a highly mobile environmental pollutant that is toxic to both 
human and wildlife at extremely low concentration. Aquatic ecosystem and especially 
wetlands are important environments for Hg biochemical transformation and cycling.
An intensive two-part field study was conducted in the Bay Saint-Fran9ois (BSF) 
wetlands (Quebec, Canada) from May to September 2003. The first part o f the study was 
about atmospherie Hg exchange fluxes with water, soil and vegetation on water. Mereury 
air-surface exchanges with these compartments were measured using a dynamic flux 
chamber coupled with a Tehran® analyzer. Mercury flux measured over these 
components exhibits a eonsistently diurnal pattern with maximum evasion occurring 
during daytime and minimum fluxes at night. Daytime Hg flux is several times higher 
than the flux during nighttime. Measured mean Hg fluxes over soil is 1.29 ng/m^/h, 
whieh has the highest flux rate compared with the air surface exchange with water (mean 
flux=0.32 ng/m^/h) and with vegetation on water (mean flux=0.68~1.24 ng/m^/h at 4 
sampling locations). Our data indicate that vegetation probably plays a certain role in air 
surface exchange flux, and the quantity o f flux may depend on vegetation species. The 
dissolved gaseous mercury (DGM) during most time is supersaturated, which indicates 
that water acted primarily as sources o f atmospheric mercury. Most influencing 
parameters affecting Hg air surface exchange with soil, vegetation and water are solar 
radiation and air temperature. It is also observed that Hg fluxes display stronger 
correlation with meteorological parameters at lower height than with the same parameters 
at higher levels, which indicates the important roles o f sub-surface layer in the Hg air 
surface exchange processes.
Based on a two-layer model and a model by Boudala et al. (2000), several new 
models were developed and applied to predict Hg fluxes over water. The predicted Hg 
flux using the original and the improved models were compared with the measured one. 
Great improvements (62% ~96%) were made by using the newly developed models.
Ill
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
These new models could help us in estimating Hg air-water flux in wetlands, which is an 
important part o f Hg global budget.
The second part o f the study mainly focuses on mercury air-vegetation exchange 
flux in wetlands. Hg flux was measured using a tower-based micrometeorological method 
(Bowen ratio) and an innovative approach -  dynamic flux bag (DFB) technique. Our data 
by the Bowen ratio method from May to September indicate that air-vegetation exchange 
is a bi-directional process. Emission and deposition are o f the same order. Deposition 
appeared to dominate the air-vegetation exchange process at the BSF site from June to 
September. The monthly average dry deposition velocity (Vd) of gaseous elemental 
mercury (GEM) reaches a maximum in August (Vd=0.37 cm/s) and the minimum occurs 
in May (Vd=0.11 cm/s). The most pronoimced environmental parameters affecting air- 
vegetation exchange are solar radiation and air temperature. The results using Bowen 
ratio and DFB approaches from August 22 to 28, 2003 were compared in regard to the 
magnitude and the directions (emission or deposition) o f the Hg flux. Overall, Hg fluxes 
measured using Bowen ratio and DFB are indicative o f deposition-dominant process. 
However, the mean Hg flux using Bowen ratio is much larger than the value using 
dynamic flux bag during the same sampling period, likely due to the alteration o f local 
environmental conditions by covering the vegetation with a bag.
IV
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Mercury (Hg) is well known as a toxic pollutant (Fitzgerald et al., 1991). 
Atmospheric Hg is from both man-made sources and natural sources. Mercury emitted to 
the atmosphere is able to travel thousands o f kilometres before being deposited to the 
surface, thus causes global cycling. Mercury present in the environment may bio­
concentrate to levels that cause a variety o f significant adverse impacts on human health. 
Methylmercury, for example can be bio-accumulated at rates millions time greater than 
other forms o f mercury in the aquatic food chain. Small amounts of mercury and its 
compounds may cause adverse effects on human health, such as cardiovascular disease, 
cancer incidence and nervous problem.
Environmental mercury levels have increased considerably since the on-set o f the 
industrial age (UNEP, 2002), which cause significant environmental impacts on local, 
regional and global scales. A key factor in controlling mercury pollution is to assess the 
magnitude o f Hg emission from man-made sources and natural sources on regional and 
global scales. This study aims to provide a better understanding of Hg air-surface 
exchange fluxes with soil, water and vegetation under background conditions. 
Quantifying the magnitude of Hg air-surface exchange with natural substrates is critical 
to estimate the effectiveness of the proposed controls on anthropogenic sources.
1.2. Objectives
The overall objective of this study was to quantify Hg air-surface exchange fluxes 
with soil, water and vegetation, and to investigate the environmental factors affecting 
mercury air-surface exchange fluxes in wetlands. A two-part field study was conducted in 
summer 2003. In the first part, Hg air-surface exchange fluxes with water, soil and 
vegetation were measured by using a dynamic flux chamber coupled with an automated 
Tekran® Hg analyzer. The second part o f the study focused on air-vegetation exchange. 
Hg air-vegetation flux was measured using Bowen ratio and dynamic flux bag
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
approaches. Meteorological parameters were monitored throughout the field campaign. 
The specific objectives o f this study were as follow:
• Quantify Hg exchange fluxes between atmosphere and different surface media: they 
are soil, water and vegetation.
• Investigate environmental influences on Hg exchange fluxes, including solar radiation, 
soil, water and air temperature, and wind speed.
• Investigate the role o f vegetation species and quantities on Hg air-vegetation 
exchange flux.
• Develop air-water exchange flux models and use the newly developed models to Hg 
flux estimation.
• Compare monthly mean Hg fluxes over vegetation from May to September using 
Bowen ratio method.
• Measure Hg air-vegetation speciation exchange fluxes by dynamic flux hag approach.
• Compare the fluxes measured by Bowen ratio and dynamic flux bag approaches.
This thesis mainly consists 5 chapters. Chapter 1 focuses on the background of 
this research; chapter 2 describes some relevant topics foimd in the literature; chapter 3 
and 4 are the results and conclusions from the filed study; and chapter 5 is the directions 
for future study.
The field study was designed and supervised by Dr. Laurier Poissant 
(Environment Canada) at the Bay St-Fran9ois wetlands. In addition to myself, other team 
members eontributed to this research as well. Martin Pilote and Conrad Beauvais 
(Environment Canada) did the instruments set up, maintenance, some o f the data 
collections, and initial data QA/QC. Marc Amyot, Edensie Garcias (University of 
Montreal) and Jerome Laroulandie (National Scientific Research Institute) offered their 
field data o f total gaseous mercury and dissolved gaseous mercury concentrations in 
water. The data analysis was conducted at the University o f Windsor under the 
supervision of Dr. Xiaohong Xu (University of Windsor) and Dr. Laurier Poissant 
(Environment Canada).
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CHAPTER 2 
LITERATURE REVIEW
2.1. Sources and Fate of Atmospheric Mercury
2.1.1. Chemical & Physical Properties of Mercury
Mercury (Hg) is a highly mobile environmental pollutant that can be foimd in all 
environmental compartments. Mercury naturally exists in several forms in the 
atmosphere which can be classified into three groups: metallic mercury (also known as 
gaseous elemental mercury -  GEM, expressed as Hg(0)), divalent mercury (expressed as 
Hg(II), also operationally defined as reactive gaseous mercury -  RGM) which consists of 
organic or inorganic mercury, and particulate mereury -  PM (expressed as Hg(p)) which 
is associated with airborne partieulate matter (Schroeder and Munthe, 1998). Elemental 
Hg is a shiny, silver-white heavy metal that has an atomie number o f 80, an atomie 
weight o f 200.59, a melting point o f -38.87 “C and a boiling point o f 356.58 °C (Poissant 
et al., 2002). Other unique important physico-chemical properties include: high surface 
tension, high specific gravity (13.55 at 20 “C), low electrical resistance and a constant 
volume of expansion over the entire temperature range of its liquid state (Schroeder and 
Munthe, 1998). All these characteristics make metallie mercury evaporate and form 
mercury vapors at room temperature. Mercury vapors are colorless and odorless.
Gaseous elemental mereury is the dominant form of mercury in the atmosphere, 
which accounts for approximately 97% of the total gaseous phase. Gaseous Hg(II) only 
constitutes a small amount of total gaseous Hg (Lindberg and stratton, 1998; Poissant et 
al., 2004a). Hg species exhibit different transport behaviors due to their various chemical 
and physical properties. Because o f the low chemical reactivity and low solubility of 
Hg(0), it has a long atmospheric residence time o f about 6 to 24 months (Slemr et al., 
1985; Lindqvist and Rodhe, 1985). Therefore, Hg(0) is capable o f long-range cycling and 
global transport.
Hg(II) and Hg(p) have relatively short lifetime, from several hours to several days 
or weeks, depending on inter alias, aerosol size/characteristics, prevailing meteorology 
(Schroeder and Munthe, 1998). Hg (II) is more soluble and tends to be present in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
atmosphere either dissolved or adsorbed onto particles. Hg (II) in the gaseous phase can 
be expected to be removed in the vicinity o f a few tens to a few hundreds o f kilometers 
from sources. Hg (p) is likely to be deposited at intermediate distances through aerosol 
particles. The transport distances depend on aerosol diameter or mass. Both Hg(II) and 
Hg(p) are capable o f wet and dry deposition.
Hg (0), Hg (II) and Hg (p) can transform from one species to another through 
biotic or abiotic processes (e.g. microorganisms, photochemical processes). Although all 
forms of mercury can accumulate to a certain degree in the food web, methylmercury (a 
highly toxic organic Hg compound) has gained particular concern since it can bio­
concentrate a million times greater than other forms o f mercury in the aquatic food chain.
2.1.2. Sources of Atmospheric Mercury
Hg is a highly mobile and toxic pollutant, and small environmental releases of 
mercury can result in significant exposure (Carpi, 1997a). Thus it is important to 
understand the sources o f mercury in the environment, both natural and anthropogenic. 
Generally, the releases of mercury can be grouped into three categories: I) natural 
sources - releases due to natural mobilization o f mercury from the earth's crust, such as 
volcanic activity and weathering o f rocks; 2) current anthropogenic sources, such as coal 
combustion, waste incineration as well as other release of mercury due to human 
activities; 3) re-mobilization o f historic mercury that is previously deposited in soils, 
sediments, water bodies, landfills and waste or tailings piles (UNEP, 2002). However it is 
still a big debate that which sources are significant contributors to the atmosphere, either 
natural sources or anthropogenic sources. Lamborg et al. (2002) estimated that global 
mercury emissions from natural sources were approximately 1800 ton/yr in 2000 and the 
emission rates inerease annually by 1.4%. An estimate o f 2600 ton/yr from anthropogenic 
sources were reported by Lamborg et al. (2002). Pacyna and Pacyna (2002) reported 
approximately 2143 ton/yr and 2427 ton/yr o f mercury emissions from anthropogenic 
sources in 1990 and 1995, respectively (Pacyna et al., 2003). A US EPA study placed the 
annual amounts o f mercury released into the air by human activities at 50 ~ 75 percent of 
the total yearly input to the atmosphere from all sources (US EPA, 1997). Available 
information indicates that human activities have doubled or tripled the amount of
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mercury in the atmosphere, and the atmospheric burden is increasing by about 1.5 percent 
per year (USGS, 2003).
2.1.3. Atmospheric Cycling of Hg
Mercury can take a myriad o f pathways through the environment. Once released 
into the atmosphere, mercury is subjected to a variety of physical, chemical, and 
photochemical processes (Schroeder and Munthe, 1998). A schematic diagram for an 
atmospheric emission-to-deposition cycle for mercury is shown in Figure 2.1. As can be 
seen, mercury can deposit from air to the ground via wet or dry deposition processes; it 
also can emit or re-emit from the groimd to the atmosphere. A repetitive cycle o f Hg 
deposition and volatilization results in Hg re-distrihution and partitioning among various 
compartments. This bi-direction process causes mercury cycling between earth’s surface 
and atmosphere.












Diy I  Wet 
Deposition I  Deposition
Figure 2.1. Conceptual framework o f the atmospheric mercury emissions-to-deposition 
cycle (Schroeder and Munthe, 1998)
During the atmospheric transport, significant conversions among mercury species 
may occur, which will affect the transport distance. The atmospheric chemistry of 
mercury probably involves several interactions: 1) gas phase reactions; 2) aqueous phase 
reactions (in cloud and fog droplets and deliquesced aerosol particles); 3) partitioning of 
elemental (Hg(0)) and reactive mercury species (Hg(ll)) between the gas and solid 
phases; 4) partitioning between the gas and aqueous phases; and 5) partitioning between
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the solid and aqueous phases in the case of insoluble particulate matter scavenged by fog 
or cloud droplets (UNEP, 2002).
The interplay between mercury chemical reactions in the atmosphere is shown in 
Figure 2.2. Overall, the main transformation process from one species to another is 
oxidation-reduction reaction. Elemental mercury can be oxidized to more soluble 
mercury compounds. These compounds are less volatile, readily scavenged by clouds and 
particulates, and have a higher deposition velocity. Thus oxidation may increase dry and 
wet deposition fluxes and also enlarge the deposition rate via particulate matter. In turn, 
oxidized mercury can be reduced to elemental mercury, thus limiting the overall rate of 
oxidation and deposition (Munthe et a l ,  1991). In summary, the atmospheric speciation 
plays an important role in the transport o f mercury, as well as in deposition processes.
Figure 2.2. Model o f interactions between mercury species in the atmosphere (Pirrone et 
a l ,  2001)
2.2. Methodology of Hg Concentration and Flux Measurement
2.2.1. Hg Concentration Measurement
Measurement o f Total Gaseous Mercury (TGM) in the Air
Hg concentration in the air can be measured manually or automatically. The 
procedures for manual Hg concentration measurement are as follow: total gaseous 
mercury (TGM) in the atmosphere is collected on gold-coated sand absorbers, then the 
sampled air is analyzed by cold vapor atomic fluorescence spectrometry (CVAFS) after
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thermal desoprtion of the gaseous mercury (Bloom and Fitzgerald, 1988; Lindberg and 
Meyers, 2001).
The automated method for TGM concentration measurement can be achieved by 
using an automatic mercury vapor analyzer, such as Tekran® 2537A (Hanson et al., 1995; 
Poissant and Casimir, 1998) or Gardis-IA® analyzer (Urba et al., 1995; Ferrar and 
Mazzolai, 1998; Munthe et al., 2001). The working scheme for Tekran® 2537A analyzer 
is that sample air stream is first drawn through a 47 mm diameter Teflon filter (0.45 pm) 
to remove particulate matter. Hg in the sample air is captured on gold traps then 
thermally desorbed and detected by CVAFS. Two parallel gold-traps alternate sample 
and analyze Hg concentration at 5 min intervals, which allows continuous measurement 
o f TGM in the air at sub-ng/m^ levels.
The other automated Hg analyzer, Gardis-IA® analyzer, is based on the gold 
amalgamation approach. Hg concentration is detected by atomic absorption spectrometer 
(AAS) using a two-stage gold trap analysis technique. The Gardis-IA® instrument 
operates with ambient air as carrier gas and does not require Argon or Helium. Hg 
concentration measured using Tekran® 2537A and Gardis-IA® analyzers are 
intercompared during an international measurement campaign in 1998 in Italy, the results 
indicate that the concentration are comparable by these two instruments (Munthe et al., 
2001).
Measurements o f Hg Speciation in the Air
Atmospheric mercury speciation and deposition are critical to determining the fate 
of Hg in the environment due to the different physical and chemical properties o f each 
Hg species (Poissant et al., 2004). Accurate quantifying o f the concentration and flux of 
Hg species will help us better understand the behavior of Hg in the atmosphere and 
determine the atmospherie residence time o f each mercury species.
PM  Measurements
Lu et al. (1998) developed a miniaturized device for airborne PM measurement. 
The device mainly consists o f a movable quartz tube, a Teflon screen disk and a quartz 
trap, which contains 6-mm diameter quartz fiber filter disks. The Teflon screen disk is 
used to support the filter disk during the sampling period. During sample analysis, the
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sample trap is heated externally at 900 ”C for 5 min. Then the released PM are captured 
on a gold trap and analyzed by cold vapor atomic fluorescence spectrometry (CVAFS) 
detection after thermal desoprtion. The advantages o f this technique are: 1) no sample 
preparation (e.g. extraction/digestion); 2) no manual sample transfer or sample handling;
3) no addition of chemicals or reagents; and 4) the time for complete analysis is less than 
10 min per sample, which is a high-time resolution for Hg measurement.
Several methods were used for PM measurement during an international 
intercomparison study in 1998 in Tuscany, Italy (Munthe et al., 2001). The following are 
the brief descriptions o f each method by different groups:
a) Cellulose acetate filter measurement: the cellulose-acetate filter (47 mm 
diameter, 0.45 pm pore-size) are pre-treated for 20 days in acid solution. The sample 
volumes are 8.6-10.6 m^. Hg collected by filters is dissolved by means of a microwave 
oven using a solution of 2 ml of nitric acid and 6 ml o f hydrogen peroxide in a Teflon 
vessel. Mercury was then determined by cold vapor atomic adsorption spectrophotometry 
(CYAAS) after pre-concentration on a gold trap.
b) Glass fiber filter measurement: particulate samples are collected using pre-fired 
glass fiber filters in acid cleaned Teflon filter packs at a flow rate o f 10 1/min. Then the 
samples are extracted in a 10% solution of a nitric acid. After extraction, the solution is 
oxidized with BrCl for 1 h, converting all forms of Hg into Hg(II). Next, the sample is 
reduced with NH2OH and SnCb is added to convert the Hg(II) to Hg(0). All Hg(0) is 
purged with Hg-free N2 and analyzed using the dual-amalgamation CVAFS method.
c) Teflon filter measurement: particulate samples are collected using 47 mm 
Teflon filters in acid cleaned Teflon filter packs at a flow rate o f 10 1/min. The samples 
are extracted and analysed by dual-amalgamation CVAFS method.
The results using the above approaches for PM concentration measurements were 
inter-compared during the international measurement campaign. Large variability among 
each approach is found. Munthe et al. (2001) suggested that the probable reason for these 
different results were the influence of local conditions at each sampling site. Further 
studies are required to improve the precision of these instruments.
Tekran® 1135 is a recently available automated PM analyzer. This instrument has 
been used in some field studies. Poissant et al. (2004a) used a Tekran® 1135 coupled with
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a Tekran® 2537 for PM concentration measurement. During sampling, particulate bound 
mercury is trapped onto a unique quartz regenerable filter. Then the quartz filter is heated 
to 850 “C for 20 min, and the PM is analyzed by a Tekran® 2537.
RGM Measurements
Lindberg and Stratton (1998) used a high-flow refluxing mist chamber (MC) for 
reactive gaseous mercury (RGM) concentration measurement. The mist chzimber is filled 
with an aqueous solution containing 0.1 M HCl. Sample air is aspirated through the MC 
for 30-120 minutes at flow rate o f -15-20 L/min, then water-soluble gases are absorbed 
by the nebulized mist. Finally, the total gaseous mercury is collected on gold-coated sand 
absorbers and detected by CVAFS using dual gold trap amalgamation.
Sommar et al. (1999) used both manual and automated methods for RGM 
measurement in Sweden from 1995 to 1997. They used tubular denuders and aimular 
denuders for manual RGM collection. The tubular denuders consist o f 6-mm quartz tubes 
coated with KCl. The armular denuders consist of a 15-mm outer diameter quartz tube 
with an 8-mm enclosed inner tube. Air is pulled through the space between the two tubes. 
Both the inner surface of the outer tube and the outer surface of the inner tube are coated 
with KCl. During sampling, the denuders are heated to approximately 45 ®C to avoid 
water vapor condensation. Mercury trapped in the denuders is converted to Hg(0) by 
extraction or thermal desorption, followed by CVAFS detection. The same study by 
Sommar et al. (1999) measured RGM concentration using an automated Tekran® 1130 
unit coupled with a Tekran® 2537 analyzer. During sampling, reactive gaseous mercury 
in the atmosphere is captured by the KCl-coated quartz armular denuder in the Tekran® 
1130 unit. Then the armular denuder that contains RGM is heated to 500 °C for 15 min 
and analyzed as GEM by dual-amalgamation CVAFS using a Tekran® 2537. The same 
instruments were used by Poissant et al. (2004a) for RGM measurements in a field study 
in summer 2002 .
Measurements o f Total Hg and Dissolved Gaseous Mercury (DGM) in Water
In a study by Amyot et al. (1994), who measured the total Hg concentration and 
dissolved gaseous mercury (DGM) concentration concurrently in Ranger Lake (Ontario, 
Canada) in 1993 using manual approaches. The main procedures for total Hg
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
concentration measurement are as follow. First, sample water is acidified with HCl and 
then reduced using solutions of 4 M NaOH and 1% NaBHi (w/v). Next, the samples are 
purged with Hg-free argon and the released Hg vapor is collected on a gold-coated sand 
column. Finally mercury is thermally desorbed and detected by a PS Analytical Merlin 
Mercury monitor.
Dissolved gaseous mercury is a volatile Hg species that is responsible for water- 
to-air transfer in surface water. The method for DGM measurement mainly involves three 
steps: purging water samples with inert gas, collection o f DGM on gold amalgamation 
trap, and thermal desorption and detection o f Hg (Lindberg et al., 2000). Detailed 
processes for DGM concentration measurement are: first, sample water is decanted 
slowly into a 1-L Teflon bubbler and sparged for 15 min with Hg free argon at a flow rate 
o f 1 L/min. Next the volatile Hg compounds are trapped on a gold-coated sand column. 
Then the bubbler is bypassed to allow argon at the flow rate o f 150 mL/min to pass 
through the column for an additional 10 min. Finally the Hg trapped on the column is 
thermally desorbed, and readings are made using a flow rate o f 150 mL/min for the 
carrier gas and 300 mL/min for the shield gas with a PS Analytical Merlin Mercury 
monitor (Amyot et al., 1994). The manual approach for DGM concentration measurement 
requires careful handling and storage of the DGM sample due to its unstable chemical 
property. Such problems will be avoided if DGM can be analyzed automatically.
Lindberg et al. (2000) developed and reported an automated approach to measure 
dissolved gaseous mercury in the surface water. A set of Tekran® Automated Purge 
System (TAPS) is used for DGM concentration measurement. The system includes a 
Tekran® 2537A analyzer and other apparatus for rapid in-field measurement. The 
resolution time for DGM samples and blanks are 5 minutes. This automated approach 
offers high detection o f DGM measurement due to the low losses o f DGM during 
transport and analysis processes compared with the manual one. However it is more 
costly.
2.2.2. Hg Air-Surface Exchange Flux Measurement
Direct measurement o f Hg flux is not possible yet due to lack o f fast response 
analyzer. Generally three techniques have been used for indirect measurements o f air-
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surface Hg exchange flux. They are: light detection and range (LIDAR), 
micrometeorological, and enclosure techniques (Francesco et al., 1998).
LIDAR Method
The LIDAR technique (Edner et al., 1987 and 1989) is based on the fact that all 
gaseous species absorb light in well-defined spectral regions. Two different laser 
wavelengths, one in the mercury absorption region and one outside the absorption region 
are sent into the atmosphere. The difference in intensity o f the two return signals is used 
to obtain mercury concentration. A great amount of data can be obtained by this 
technique without altering environmental parameters. However, this method requires 
sophisticated and expensive instruments, thus it is not a widely used approach.
Micrometeorological Methods
Micrometeorological technique is a widely used method for Hg flux measurement 
(e.g. Lindberg et al, 1995 and 1998; Poissant et al., 2004a). Three micrometeorological 
approaches, namely, Bowen ratio (BR), modified Bowen ratio (MBR) and an 
aerodynamic method have been used for Hg flux measurement.
Measurement o f vertical Hg flux using Bowen Ratio approach is based on the 
assumption that in the atmospheric surface layer the transfers for heat and scalars are 
similar and are governed exclusively by turbulent diffusion. Bowen ratio approach 
estimates the vertical transport coefficient o f trace gases (e.g. water vapor, CO2, CH4) on 
the basis o f the energy balance at the surface. The surface energy budget (W/m^) is 
expressed as:
Rn —G = H + Le (2 -1)
where R„ is net radiation for surface, G is the total soil heat flux, H is the sensible heat 
flux and Le is the latent heat flux density. This technique was first proposed by Bowen 
(1926), who defined the ratio (P) of sensible heat (H) to latent heat flux (Le) over a 
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where Cp is the specific heat of air (kJ/(kg.k)), X is the latent heat o f vaporization (kJ/kg), 
s is the ratio o f the molecular weight of water vapor to dry air ( s s  0.622), T2, Ti and W2, 
Wi are temperature and mole fraction o f water vapor measured at lower and upper 
heights, respectively.
The sensible heat flux (H) and turbulent transfer coefficient (K) can he calculated 
using the following equations:




( T , - T , ) p C^
where p is air density (kg/m^), Z\ and Z2 are upper and lower heights (m) o f measurement, 
respectively.
Hg flux over the surfaces can he computed using the following equation:
F  = K  AHg (2.5)
where F is mercury flux (ng/m^/h), AHg is mercury vertical concentration gradient over a 
known height interval (ng/m^), K is the turbulent transfer coefficient (m/h), which is 
derived from a variety o f meteorological measurements, such as net radiation, soil 
temperature, sensible heat and latent heat flux, and other related parameters over a known 
height interval. The fluxes o f GEM, RGM and PM can be calculated respectively using 
equation (2.5) by knowing the corresponding concentration gradient. A positive sign of 
Hg flux means emission from surface to the atmosphere, a negative sign indicates 
deposition to the ground.
The modified Bowen ratio approach (MBR) offers an improvement over 
traditional Bowen ratio approaches because o f its use o f directly measured fluxes of 
reference gases (Lindberg and Meyers, 2001). Hg flux is computed using equation (2.5). 
The turbulent transfer coefficient K is derived by direct measurement o f gradients and 
fluxes of reference gases, such as water vapor and CO2 using fast response instruments.
Micrometeorological aerodynamic approach uses an eddy covariance system to 
monitor the turbulent parameters (Lee et al., 2000). Hg flux is computed as:
F  =gAHg  (2.6)
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where g is an aerodynamic conductance which is related to the eddy diffusivity K:
g = 1/ (2.7)
where Zi and Z2 are the lower and upper measurement height (m), respectively, K is 
determined by the eddy covariance with correction for air stability following the 
functions o f Businger and Dyer (Panofsky and Dutton, 1984).
Micrometeorological approach can provide an effective tool for Hg air-surface 
flux measurement. However, this method requires the measurement o f a few 
environmental parameters. Therefore, it is expensive for set up and operation. In addition, 
the site requirement o f homogeneity is often not met.
Enclosure Methods
Dynamic flux chamber (DFC) approach is a relative simple and widely used field 
method (e.g. Hanson et al., 1995; Poissant and Casimir, 1998). Normally a dynamic 
chamber consists o f an inlet transition zone, a main body and an outlet transition zone. A 
flux chamber is placed on the surface for which emission/deposition is measured. DFC 
works on the principle o f mass balance (Eklund, 1992). The assumptions o f this approach 
are: 1) the chamber is operating under steady state condition; 2) Hg flux is uniform over 
the covered surface and relatively constant during the sampling interval; 3) the in-coming 
air stream and the out-going air steam are well-mixed; 4) the dominant flux is diffusive 
and the advective mass flow is negligible (Gao et al., 1997). Based on the above 
assumptions, mercury flux is computed using the following equation:
F=(Co-Ci)*Q/A (2.8)
where F is the mercury flux (ng/m^/h), Co and Ci are the outlet and inlet Hg concentration 
(ng/m^), respectively, Q is the flushing flow rate, and A is the enclosed surface area (m^), 
which is assumed as a constant source/sink. The concentration difference (Co-Ci) is the 
driving force for mass transfer. By knowing the concentrations o f GEM, RGM and PM 
inside and outside the chamber respectively, the corresponding flux o f Hg species can be 
calculated using equation (2.8). The positive sign o f flux means volatilisation, the 
negative sign indicates deposition.
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Dynamic chamber is restricted by its limited size and stiff body structure when it 
is used to measure air-surface exchange with tall plants. A dynamic flux bag (DFB) 
method is developed in this study for air-vegetation measurement. Mercury flux 
measured by DFB is computed using equation (2.8) as in the chamber approach, but A 
refers to the projected one side leave surface area, which is assumed a source/sink.
Compared with meteorological techniques, the DFC/DFB alters the local 
environmental conditions by covering surfaces with a chamber/bag, thus the chamber/bag 
segregates the wind effect, increases the internal surface temperature and relative 
humidity, and changes the plant biology conditions. However, the enclosure approach has 
its advantages, such as simplicity, portability, and low cost (Ferrara and Mazzolai, 1998). 
During an international study on Hg flux measurements in Nevada in 1998, the field 
results showed that the Hg fluxes were underestimated by DFC method compared with 
the micrometeorological approach. Recent studies (e.g. Gustin et ah, 1999; Zhang et al., 
2002) found that the flushing flow rate is a critical factor on Hg air-surface exehange and 
the low flow rate could be one of the reasons for the underestimation o f Hg air-surface 
flux by DFC approach. Based on a two-resistance exchange interface model, Zhang et al. 
(2002) proposed two mechanisms for the underestimation o f Hg flux at low flushing 
rates: 1) the internal accumulation of Hg is due to the insufficient removal o f Hg from the 
chamber at low flushing rate; 2) a low flushing rate results in higher exchange resistanee 
of the air-surface boundary layer. Therefore, higher flushing flow rates are recommended 
for Hg flux measurement by DFC.
2.2.3. Dry Deposition Velocity
Dry deposition velocity (Yd) is a parameter used to describe how fast a particle or 
a gas falls to the ground. This parameter can be calculated using the flux (F) and Hg 
concentration (C) measurements of the same species at the same height:
Vd = F/C (2.9)
With the dry deposition fluxes of GEM, RGM, and PM and the corresponding 
concentration, the dry deposition of GEM, RGM, and PM can be obtained by using 
equation (2.9), respectively.
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2.2.4. QA/QC Protocol
Quality Assurance and Quality Control (QA/QC) are procedures to ensure the 
reliability and accuracy o f experimental data. QA/QC protocol should he carried out both 
in the laboratory and in the field measurement.
Laboratory work mainly consists o f preparation, operation, calibration and 
maintenance. In the laboratory, the cleaning of bottles, materials including tubing and 
chamber are important preparation steps for the experiment. Sampling bottles are 
required to be acid cleaned and rinsed before shipping to the field. In a study by Poissant 
and Casimir (1998), they used the following procedures for the chamber cleaning: 1) the 
unassembled chamber is cleaned with a commercial detergent for dishes (Palmolive®); 2) 
the chamber is cleaned by a laboratory detergent (Citranox®) and rinse several times with 
an HNO3 solution (1%) and nanopure water; 3) the chamber is assembled (solenoid, fan, 
and Teflon® tubing) and further rinsed with an HNO3 solution (1%) and nanopure water;
4) the chamber is dried with a heat blower before being used for mercury flux 
measurement.
The calibration o f instruments is a critical part of QA/QC protocol. It is necessary 
for the mercury analyzer to be calibrated prior to the field measurement to ensure its good 
working condition. The Tekran® mercury analyzer can be calibrated by direct injection of 
a known amount o f mercury into mercury free air flowing into the analyzer (Boudala et 
al., 2000). These injections are made with a precision gas-tight syringe, and a Saturated 
Mercury Vapor Calibration Unit (SMYCU) from Tekran®, as the mercury source.
In the field, care should be taken during sample collection and storage periods to 
minimize contamination. Amoyt et al. (1997) reported the following procedures for the 
collection of DGM and total Hg concentration in water. Water samples were manually 
collected using Teflon bottles. The bottles have been previously rinsed in the laboratory 
before and again rinsed with the site water three times prior to sample collection. After 
collection, each sample bottle is tightly sealed and triple-bagged and placed into a dark 
cooler to reduce loss during the transport. Powder-free latex gloves were worn at all 
times during the sample handling periods.
When Hg flux is measured by DFC/DFB approach, the chamber/bag may adsorb 
Hg in its interior or it may release the mercury from the chamber/bag to the air inside.
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Therefore, chamber blanks need to be performed before each deployment. Blank tests are 
achieved by measuring the mercury flux over a sheet of an inert material to Hg, such as a 
Teflon® plate (Poissant and Casimir, 1998). The following equation is used to account for 
the blanks:
CsKCo-Ci)-Cc (2.10)
where Cg, Co, Cj and Cc correspond to the corrected Hg concentration, outlet concentration, 
inlet concentration, and an average blank (ng/m^/h), respectively. Cc is the Hg 
concentration differences measured in the ambient air and in the chamber for the blanks. 
Cc less than zero means desorption of Hg from the chamber/bag to the atmosphere; 
otherwise indicates adsorption of Hg onto the chamber/bag.
2.3. Parameters Affecting Hg Air-Surface Exchange Flux
2.3.1. Air-Soil Exchange
Soils are highly complex natural systems with different characteristics. In general, 
soils consist of three phases: soil air, soil solution and soil solid particles (McBride, 
1994). The distribution and chemical reactions o f Hg species involve all three soil phases. 
It is generally accepted that the prevalent states o f mercury in the soil are Hg(0) and 
dimethyl mercury vapor, and with minor fractions o f monomethyl mercury and soluble 
Hg(II) salt. The sequence o f volatility o f Hg is as follow (Schluter 2000):
Hg(0)~(CH3)2Hg»>CH3HgCl>Hg(OH)2>CH3HgOH>HgCl2
Hg(0) and (CH3)2Hg are the two mercury species classified as “volatile”. Air-soil 
exchange o f mercury usually involves the following steps: 1) production or formation of 
Hg(0); 2) diffusion or mass transport o f Hg(0) to the soil surface; and 3) diffusion or 
mass transport o f Hg(0) cross the air-soil boundary layer into the atmosphere (Zhang and 
Lindberg, 1999). However, a study by Johnson et al. (2003) suggested that air-soil 
gaseous elemental mercury is not a diffusion-driven process. Overall, air-soil exchange is 
a surface physicochemical process comprising desorption/adsorption o f Hg ffom/to the 
soil particle surfaces and subsequent diffusion through soil pores (Zhang et al., 2001). 
The factors affecting mercury air-soil exchange depends on: 1) the distribution of 
mercury in the soil profile; 2) the quantity o f the absorbed mercury and the places of 
formation of volatile mercury species; 3) the physical migration o f the mercury species
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within the soil; 4) the physical and chemical sorption o f mercury vapor within soil 
column; and 5) the ambient conditions (favor/not favor) desorption (Schluter, 2000).
The air-soil exchange o f mercury is influenced by various environmental 
conditions. Generally, the factors can be classified into two categories: soil characteristics 
and meteorological conditions (Lindberg et al., 1995; Poissant et al.,1998). These factors 
are discussed below in details.
Mercury Content and Speciation in the Soil
The Hg release from naturally enriched soil is more intense than that in 
background areas. The high amount of Hg(0) emitted to the atmosphere from naturally 
enriched soil are due to the high rate o f degassing from geological sources (Schluter,
2000). Many field studies indicated that soils naturally enriched with Hg can be regarded 
as important sources contributing to the atmospheric Hg load (e.g. Gustin et al., 1996) 
and these natural sources may be comparable to the anthropogenic sources (Zhang et al.,
2001).
Schluter et al. (1995) reported that the Hg flux increased sharply when the soil 
columns were spiked with CHsHgCl instead of HgCL. Mercury species can be abiotically 
or biotically reduced to Hg(0) by reacting with soil compounds. The specific chemical 
form of mercury in the soil will determine the portioning between the soil water, air and 
organic carbon phases (Scholtz et al., 2003). Mercury evaporation occurs most easily in 
soils rich in Hg(0), which is bound to soil particles (Schluter, 2000). One of the chemical 
parameters, the activation energy (Ea) o f mercury evaporation from soil also gives 
indications o f the importance o f the mercury species and their binding to the soil. The 
highest activation energy o f mercury evaporation was found in soils whose mercury 
content is dominated by the extremely insoluble compound such as HgS (Schluter, 2000). 
Overall, mercury emission rates increase with the soil mercury content, which is probably 
due to an increasing availability o f volatile mercury species to the abiotic and biotic 
processes.
Soil Texture
Physical characteristic of soil is a main factor need to be considered in the air-soil 
exchange processes. Generally topsoil has the highest mercury content in the profiles.
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Schluter (2000) explained this phenomenon for the following reasons; 1) probably more 
than 70% of the total mercury deposition on the soil surface is retained in the upper soil 
layer (even if there is no organic layer); 2) usually mercury is sustained in the topsoil, 
since there is not much leaching from top to undersurface which is several centimeters 
beneath the soil surface.
Mercury interacts with soil minerals by adsorption-desorption and reduction- 
oxidation reactions (Johnson, et al., 2003). Soil texture and mineralogy are important in 
determining interaction o f mercury with soil minerals. Gustin et al. (1997) suggested a 
dependence o f mercury flux on surface soil porosity. Movement o f mercury vapor in soil 
depends on intercrumb pore space, shape of the crumbs, porosity o f the crumbs and water 
content (Hartge,1978). The properties o f soil texture such as prosity and permeability will 
determine the length and resistance o f the diffusion path, which is an important process 
for Hg air-soil exchange. Other researchers reported a higher migration rate o f mercury 
vapor through fine-grained soil than course-grained soil, indicating the importance of 
pore size o f soil (Schluter, 2000). Absorption occurs by ion exchange and by binding to 
absorption sites on clay colloids. Comparison of clay soil with sandy soil shows mercury 
tends to concentrate more easily in the clay soil than in the sandy soil (Renneberg, 2001).
Studies have also reported that soil organisms may affect the mercury 
concentration in the soil. Low Hg gradients due to earthworm movement has been 
documented by Cooking and King (1994). According to this study, redistribution of 
mercury in soil by burrowing and tunneling organisms (e.g. earthworms) is not 
significant in most soils.
Dissolved Organic Matter
Several studies reported that the content of mercury in soil solution and soil 
extracts is highly correlated with the content of dissolved organic matter (DOM) 
(Lindqvist et al., 1991; Schluter, 1995). During migration of Hg towards the atmosphere, 
some of the mercury may be re-adsorbed to soil. Re-adsorption is favored by a high 
content o f organic matter and it depends quantitatively on the type o f the organic matter 
(Trost and Bisque, 1972; Fang, 1978 and 1981; Beauchamp et al., 1997). Therefore, 
organic rich, upper soil layers are usually more strongly enriched with mercury than 
mineral soil layers containing little organic matter. Organic matter adsorb more Hg(0)
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vapor than clay minerals do. Due to the high binding strength o f Hg(II) to the organic 
matter, the oxidation of Hg(0) to Hg(II) proceeds at lower redox-potentials than of the 
relevant half-reaction (Jemelov, 1969). Therefore the uppermost soil layer dominates 
mercury evaporation from soil (Schluter, 2000).
Soil Acidity
Organic matter dominates the sorption of mercury, especially under acid 
conditions. Humic acids seem to possess a high reduction potential. The soil organic 
therefore can have very different potentials and capacities for the reduetion of Hg(II) 
(Schluter, 2000). Researehers found that mercury evaporation from various soil types 
increased by adjusting the soil pH to higher values. (Landa, 1978; Rogers, 1979). This 
may be due to the changes in reductive capacity o f Hg(II) under acid conditions 
(Mattiessen, 1998).
Soil Water Content
The pathways o f water transport in the soil are: infiltration o f applied water, 
redistribution o f water in the soil profile, evaporation o f water from the soil surface, and 
transpiration of water by plants (Campbell and Norman, 1998). Soil moisture is an 
important factor in determining flux rates because the soil mineral surfaces are knovm to 
have higher affinity for water than for Hg(0) (Schuster, 1991).
Several studies observed significantly increased Hg flux during and following a 
rain event (Lindberg et al., 1999; Gustin et a l l 999). Lindberg et al. (1999) proposed the 
following mechanisms for the high Hg flux due to the increase o f water content in soil: 1) 
Soil gas displacement; 2) desorption of Hg(0) by water molecules; 3) desorption of 
Hg(II) and subsequent reduction in solution.
Bare Soil and Vegetation-covered Soil
Lindberg et al. (1979) measured mercury evaporation rates on both bare soil and 
vegetation-covered soil. They found that bare soil the mercury evaporation rates were 
higher than soil with vegetation. The authors attributed this primarily to a reduced mixing 
of air at the soil surface due to the overlying canopy. Shading of the soil surface, and 
decreasing soil temperature may contribute to the differenee as well.
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Lindberg et al. (1998) measured the Hg flux of -5 .4-4 .2  ng/m^/h over boreal 
forest floor vegetation in Lake Gafdsjon (Sweden) in summer 1994. The observed Hg 
flux by Kim et al. (1995) ranged from -7.5-28.8 ng/m^/h over background forest floor in 
Walker Branch Watershed during summer and fall in 1993 in the USA.
Solar Radiation
Solar radiation is a dominant process controlling Hg emissions from the substrate. 
Light wavelengths in both the visible and ultraviolet range appear to play a role in the 
light-enhanced emission of Hg from substrate. Over soil, the mercury flux is positively 
correlated with solar radiation (Carpi and Lindberg 1998; Poissant et al., 1999). Gustin et 
al. (2002) find that photo-reduction is a process associated with the light-enhanced 
emissions. Activation energies (Ea), a parameter involved in volatilization o f Hg from 
substrate, indicated that photo-reduction was a dominant process in release of mercury 
from substrates to the atmosphere. Although sunlight does not penetrate deep into soil, it 
is possible that radical formation during daytime may significantly increase mercury 
evaporation from soils. The abiotic reduction o f Hg(II) in the uppermost micro-or 
millimeter-layer is an important process in the overall evaporation from soil.
Increasing in mercury emissions due to sunlight was attributed to an increase in 
the soil surface temperature, which reacts rapidly to the direct irradiation (Gillis and 
Miller, 2000). Zhang et al. (2001) found that wavelengths in both visible and ultraviolet 
range play important roles in the solar-enhanced emission of Hg from soil. They 
speculated that on short time scales (minutes) Hg emission by radiation enhancement is 
through direct transfer o f the photo-energy to Hg atoms; on longer periods (hours) by 
increasing temperature through conversion o f solar energy to thermal energy.
Soil Temperature and Air Temperature
Temperature is an important parameter in the evasion o f mercury over soil. 
Several studies (e.g. Carpi and Lindberg, 1998; Poissant et al., 1998) found that mercury 
flux exhibits a diurnal pattern with maximum fluxes during the daytime and minimum 
fluxes at night. Total gaseous mercury (TGM) flux was highly correlated with hourly soil 
temperature, and moderately correlated with air temperature (Gillis and Miller, 2000).
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Schluter (2000) explained this diurnal variation for the following reasons; 1) 
when the surface gets warmer, Hg(0) is transferred away by air masses from the soil to 
the atmosphere through convection process (Campbell and Norman, 1998); 2) warm 
temperature leads to increase vapor pressure for the mercury species, especially those 
highly volatile, such as Hg(0) and (CH3)2Hg, and also cause a desorption o f mercury 
from soil during daytime; 3) increasing temperature also causes an increase in reaction 
rates and microbiological activity resulting in a more intensive formation o f volatile 
mercury species.
Seasonal variations relating to the temperature change is also reported. 
Khayretdinov (1971) mentioned that freezing of soil water might result in formation of 
ice, which repels Hg(0) vapor in soil into the xmfrozen parts o f the soil or outside the ice 
crystals. Ice also decreases the rate o f atmospheric mercury adsorption onto the soil 
surface. Soil ice causes Hg(0) vapor adsorption to persist in soil during winter. Thus 
mercury content in soil is more extensive in winter than in fall. During the thawing 
period, warm temperatures result in a rapid rise in the mercury content in soil air. 
Therefore, more Hg is released to the atmosphere via desorption process.
Wind Speed
It is widely accepted that air-surface exchange of Hg is largely governed by 
turbulent diffusion. Some studies reported the positive correlation o f mercury evasion 
with wind speed by using the dynamic flux chamber approach (e.g. Poissant and Casimir, 
1998). The probable reasons for the increase of Hg flux by wind speed are: 1) wind 
introduces a vertical airflow at the surface and promotes the transport o f volatile Hg 
species away from the laminar boundary layer around the interface (Wallschlager et al., 
2002); 2) high wind speed increases dispersion and mixing rate (Boudala et al., 2002).
Other Factors Affecting Air-Water Exchange
Some studies also reported other factors that may affect Hg air-soil exchange flux. 
These factors are summarized in Table 2.1.
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Table 2.1. Other factors might affect Hg air-soil exchange
Parameters Effects Referenees
Barometric pressure Weakly positive correlated Schluter, 2000
Air-humidity Weakly negative correlated Wallner, 1977
Turbulent air-mixing Positive correlated Xiao et al., 1991
Ozone No significant correlation Poissant, 1997
Water vapor mixing ratio Positive eorrelated Poissant, 1997
Wind direction positive eorrelated Kim et al., 1994
Formulation o f Hg Air-Soil Exchange




where Ts is soil temperature in °K, R is the total radiation in W/m^, and a,h,c and d are 
regression coefficients depending on the soil moisture, Hg content in the soil and other 
factors (Xu et al., 1999).
Based on the Fick’s law, Zhang and Lingherg (1999) proposed the following 
equation for Hg air-soil flux calculation. The assumption is that the laminar diffusion of 
volatile Hg compounds along a concentration gradient from the soil air to the overlying 
atmosphere is similar to some models used to estimate Hg fluxes from waters:
F  D s(C H g-air“CHg-soil gas)/d (2.13)
where F is the Hg flux at soil surface (ngW /h), Cng-air is the Hg(0) concentration in the 
atmosphere at soil surface (ng/m^), CHg-soii gas is the Hg(0) concentration in soil gas 
(ng/m^), d is the soil depth considered (m), which is assmned for the thickness o f laminar 
surface, Ds is the Hg(0) diffusion coefficient in soil air (m^/h), which can he estimated 
from:
Ds=0.66(p-s) Do (2.14)
where p is the soil porosity (total soil pore volume over total soil volume), s is the degree 
o f soil moisture saturation (soil water volume over total soil pore volume), and Dq is the
Hg(0) diffusion coefficient in ambient air (out o f soil), and 0.66 is the tortuosity
coefficient, suggesting that the apparent path is about two thirds the length o f the real 
average path o f diffusion in the soil.
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In a study by Wallschlager et al. (2002), Hg concentration in the soil air was 
measured using a newly designed probe and applied equation (2.13) for Hg air-soil flux. 
The predicted flux over soil is53 .1±16 .5  ng/m^/h. Wallschlager et al. (2002) found that 
equation (2 .12) is sensitive to the selection o f d (thickness o f laminar surface) and Ds 
(diffusion coefficient) and these parameters are not easy to determine. A recent study by 
Johnson et al. (2003) found that air-soil gaseous elemental mercury exchange is not a 
diffusion-driven process, therefore equation (2.13) might not be suitable for air-soil 
exchange flux calculation.
2.3.2. Air-Vegetation Exchange
Vegetation plays an important role in mercury air-surface exchange as conduits 
for Hg to enter or leave terrestrial ecosystems. Vegetation can accumulate Hg (Hg(0), 
Hg(ll) and Hg(p)) by wet and dry deposition on foliars. It can also absorb Hg(ll) in soil 
water via their extensive root-related system. Mercury can leave plants via 
evapotranspiration process or by litterfall and throughfall (St. Louis et al., 2001; Rea et 
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Figure 2.3. Conceptual diagram of mercury air-vegetation exchange (Adapted from: St. 
Louis et al., 2001)
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A field study by Poissant et al. (2004a) measured GEM, RGM and PM over 
vegetation canopy using modified Bowen ratio approach in summer 2002. They found 
that vegetation might directly uptake reactive gaseous mercury and release Hg(0) through 
stomata. It seems that foliar surface may act as a medium to transfer from soluble form 
Hg(II) to volatile form Hg(0).
Hg air-vegetation exchange flux is influenced by vegetation properties and 
meteorological conditions. The following are the main factors that probably influence the 
exchange flux.
Species o f Vegetation
Various plants have different ecological and physiological attributes (e.g., 
stomatal conductance, canopy height, and leaf or tree age). The quantity and direction of 
mercury flux over vegetation depend on the species o f the plants. A study by Hanson et 
al. (1995) measured 4 vegetation species: red maple, Norway spruce, yellow-poplar and 
white oak under background Hg levels (0.5-1.5 ng/m^) using dynamic flux chamber 
approach. The measured mean fluxes for these plants are: 5.5, 1.7, 2.7 and 5.3 ng/m^/h, 
respectively. The different exchange flux is probably due to the different species o f plant, 
such as surface texture, leaf area index, and mesophyll conductance.
Hg Concentration in the Air and in the Vegetation
Whether the net exchange is emission or deposition depends on the mercury 
concentration in the atmosphere and in the transpiration stream. Hanson et al. (1995) first 
proposed the concept o f “compensation point”. The mercury concentration at which 
emission or dry deposition fluxes are at equilibrium is defined as “compensation point”. 
If the atmospheric mercury concentration is lower than compensation point, gaseous 
Hg(0) in the open stomata o f leaves is transpired into the air. Thus emission from plants 
occurs; if  the atmospheric mercury concentration is approximately equal to compensation 
point, little mercury exchange was measured; when atmospheric mercury concentration is 
greater than compensation point, Hg(0) appears to move into the leaf due to a diffusion 
gradient, thus deposition happens. The range o f the compensation point depends on leaf
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temperature, leaf surface conditions, soil gas Hg levels, atmospheric oxidants, and 
biological factors (Hanson et al., 1995; Lindberg et al., 1998).
Water Content in the Soil and Surface Wetness
Evapotranspiration strongly depends on water content in soil (drought or wetness 
condition). A field study (Lindberg et al., 1998) shows that the Hg fluxes reduced sharply 
during drought condition. Lindberg et al. (1998) suggested that the drought stress induced 
stomatal closure and restrained the emission rate. This indicates that air-vegetation Hg 
exchange process may be stomatally controlled. The same study found that under certain 
conditions, such as the canopy was wet with rain, fog or dew, the dry deposition or foliar 
uptake o f mercury was prevailing. This observation shows that the presence o f moisture 
on leaf surfaces may enhance the Hg dry deposition to the canopy. The reason is that wet 
leaves are more promotive for airborne Hg dry deposition compared with the dry 
vegetation surface. The uptake o f Hg appears to be cuticular and may involve chemical 
reactions on the wet surfaces.
A study by Xu et al. (1999) used models to investigate the effects o f soil water 
deficit (M, in cm) on emission from vegetation canopies. Xu et al. (1999) found that Hg 
emission decreased by 30% when M increase from 5 cm to 10 cm and the emission 
decreased sharply (by more than 60%) when M reached 15 cm. In the same study, the 
effects o f wet canopies on dry deposition were also investigated. Xu et al. (1999) reported 
that the dry deposition velocity increased significantly with the percentage o f wet surface. 
When the presence o f wet surface is large, the dry deposition at night is as large as 
daytime emission.
Solar Radiation
Solar radiation is an important factor affecting the flux of mercury. In general, Hg 
flux vapor emission rate over the foliar surface in the light is much higher than the flux in 
the dark. Mercury emissions in the dark were an order o f magnitude lower than in the 
light (Leonard et al., 1998). This is because under light, the leaves o f stomata are open 
and the transpiration stream may act as an effective conduit for the transfer of Hg(0) from 
the soil solution out through the foliage (Hanson et al., 1995). Also the light induces 
photosynthetic processes (Kozuchowski and Johnson, 1978). The reduced stomatal
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conductance seems to be the reason of the decreased light dependent metabolism (Du and 
Fang, 1982). Hanson et al. (1995) suggested that leaf metabolism o f Hg(0) may not be 
entirely light dependent in dark when the Hg*̂  concentrations are below the compensation 
point.
Air Temperature
Evapotranspiration is strongly correlated with air temperature. Daily fluctuations 
in evapotranspiration occur. Several studies (e.g., Lindberg et al., 2002) demonstrate that 
mercury fluxes over vegetation exhibit distinct diurnal cycles. On clear days, the rate o f 
transpiration increases rapidly in the morning and reaches a maximum usually in early 
afternoon or mid afternoon. The midday warmth can cause closure o f plant stomata, 
which results in a decrease in transpiration. A diel cycle with two peaks was observed in 
a field campaign conducted in Florida. Lindberg et al. (2002) suggested that the presence 
o f two peaks, one related to lacunal gas exchange o f methane, and one related to 
transpiration. Mercury flux over canopy also exhibits seasonal variations. Maximum rates 
generally coincide with the summer season. The ability for plant to mobilize Hg in high 
temperature also depends on the availability of soil moisture and plant maturity. 
Minimum evapotranspiration rates generally occur during the coldest months o f the year. 
This is probably because the lower temperatures reduced the supply of Hg(0) in the 
rooting zone through decreased rates of reactive gaseous mercury production in soil 
(Lindberg et al., 2002).
Wind Speed
Winds affect Hg flux through the evapotranspiration process by removing the 
water in the soil or canopy. Thus vaporized mercury is carried away with water and 
released to the atmosphere. Some studies suggested that the Hg emission rate was 
proportional to the wind velocity (USGS, 2003).
Other Factors Might Affect Air-Vegetation Exchange
Several studies also documented some other factors that may influent the Hg air- 
plant flux exchange rate. Table 2.2 lists some parameters that affect Hg air-vegetation 
exchange.
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Table 2.2. Other factors related to the air-vegetation exchange flux
Parameters Flux effects References
Catalase activity Positive correlated Du and Fang, 1983
Leaf age Positive related Rasmussen, 1994
Hg concentration in the leaf or soil Weakly positive correlated Leonard etal., 1998
Leaf temperatures, levels o f atmospheric oxidants Slightly positive affected Hanson et a l . , 1995
Formulation o f Hg Air-Vegetation Exchange
The rate of Hg(0) emission (Fc) from plant canopy can be expressed by the 
product o f evaportranspiration (Ec) and the Hg(0) concentration in the surface soil (Cs) 
shown in the following equations (Xu et al., 1999):
Fc=Ec*Cs (2.15)
where Fc is Hg(0) emission from canopy in ng m'^ s'*, Ec is evaportanspiration rate in m^ 
(H2O) m'^ s'*, and Cs is the Hg** concentration in the surface soil solution in ng m'^ (H2O). 
The equation is based on the assumption that Hg(0) concentration in the transpiration 
stream is constant (Lindberg et al., 1998). The dry deposition (Fd) over plant canopies can 
be calculated using the following equation (Hicks et al., 1987):
Fd=Cg*Vd (2.16)
where Cg is the atmospheric concentration o f Hg** in ng m'^, Vd is the corresponding dry 
deposition velocity in m s'*, which is the function o f the aerodynamic, boundary layer, 
and surface resistance. Dry deposition depends strongly on atmospheric mixing, surface 
uptake, and Hg ambient concentrations.
2.3.3. Hg Air-Water Exchange
Transport o f mercury from water bodies to the atmosphere (volatilization) or 
atmospheric deposition are significant components o f mercury budgets in oceans, lakes 
and rivers. In this section, water body refers to lakes only in order to restrain research 
scope. Normally three routes are involved in mercury entering lakes: direct atmospheric 
deposition into the lake surface, runoff due to washout from the catchments, and 
groundwater inflow. Among them, the first two account for the majority. The pathways 
o f mercury leaving water are: outflow from water body, sedimentation and accumulation 
into the food chain, as well as re-emit into the atmosphere (University of Vermont, 1995;
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Poissant et al., 2002). A schematic diagram of mercury cycling in aquatic ecosystem is
shown in Figure 2.4 (Calton, 2003).
M cnsury  CyeVng In Lak^s 
Wet aail dry
Figure 2.4. Schematic diagram of mercury cycling in an aquatic ecosystem (Source: 
Carlton, 2003)
Mercury cycling in the aquatic systems is a complicated process. Once Hg enters 
in the surface water, it may undergo chemical, biochemical, and photochemical 
processes. Hg in the aquatic system normally exists in several chemical forms: elemental 
mercury (Hg(0)(aq)), which is volatile and relatively stable, a number o f divalent mercury 
species (Hg(II)(aq)), and organic mercury, mainly methyl (McHg), dimethyl (McaHg), and 
some ethyl (EtHg) mercury. The chemical cycle also includes methylation and 
demethylation processes which are important in determining the concentration of 
mercury in the aquatic system (Morel et al., 1998). The partitioning o f Hg between the 
dissolved, colloidal and particulate phases varies widely spatially, seasonally with the 
activities o f bacteria, and with depth in the water column (Morel et al., 1998). Figure 2.5 
shows the theoretical mode of Hg transformations in the aquatic system (University of 
Wales Bangor, 2003).
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Aquatic mercury cycle
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Figure 2.5. Mercury chemical/biochemical transformation in the aquatic system (Source: 
University o f Wales Bangor, 2003)
Mercury air-water exchange is controlled by many processes, including physical 
processes o f Hg(0) diffusion in the water column and exchange at the air-water interface 
as well as biogeochemical processes o f dissolved gaseous mercury (DGM) production 
and consumption (e.g. Zhang and Lindberg, 2000). These processes are affected either by 
lake characteristics or meteorological conditions. The major factors influencing Hg air- 
water exchange flux are summarized as follow.
Dissolved Gaseous Mercury (DGM)
Mercury air-water exchange is governed hy Henry’s Law:
H=Ca/Cw (2.17)
where Ca is the Hg(0) concentration in the air at equilibrium, Cw is the dissolved gaseous 
mercury (DGM) concentration at equilibrium, and H is the Henry’s Law coefficient. 
From this equation, we can see that the DGM is the source for Hg emission from water to 
the atmosphere.
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Several studies (e.g. Amyot et al., 1997; Lindberg et al., 1999 and 2000; Zhang 
and Lindberg, 2000) reported diurnal trends o f DGM. DGM reached the maximum value 
during daytime and the minimum level occurred during nighttime. Lindberg (1999) 
suggested that the DGM levels are controlled by the following competing factors: 1) the 
availability o f dissolved reactive Hg(II) in water; 2) the photo-reduction rates o f Hg(ll) to 
Hg(0); 3) the migration of DGM in the water; and 4) the loss o f DGM due to oxidation 
and evasion. Based on the field study in Everglades (USA), Zhang and Lindberg (2000) 
developed a simple box model o f DGM and they found that a higher evasion rate led to a 
lower DGM.
Dissolved Organic Matter (DOM)
Dissolved organic matter (DOM) is an effective complex ligand for many trace 
metals including mercury (Krabbenhoft, 2003). The binding of Hg(II) to dissolved 
organic matter strongly affects mobility and bio-availability of Hg in aquatic ecosystems 
(Haitzer et al., 2002). Mercury is known to have a high physical affinity for particulates 
and organic matter. According to Meili (1997), nearly 95% of inorganic oxidized 
mercury in lakes is bound to the dissolved organic matter.
Recent studies have shown strong correlative relations between forms of Hg, total 
organic matter, color and particulate matter content in a variety o f aquatic ecosystems. 
Many researchers use color to represent organic matter in surface waters (The University 
o f Vermont, 1995). Generally the darker o f water color, the higher DOM value. Haitzer et 
al. (2002) reported that Hg/DOM is an important pzirameter in determining the binding of 
Hg to DOM. Based on their results, the binding of Hg to DOM under natural conditions 
(very low Hg/DOM ratios) is controlled by a small fraction o f DOM molecules 
containing a reactive organic sulfur functional group.
Meili (1991) found that the total load o f Hg for brown water lakes averaged 
approximately 80 pg/mVyr, and the level decreased to 20 pg/m^/yr in clear lakes. Lee and 
Iverfeldt (1991) proposed a possible mechanism for the high Hg levels related to DOM. 
They suggested that soil microorganisms decompose the soil into molecular fractions, 
which can be leached out o f soil and carry Hg with run-off water. This effect would be 
more significant after dry periods of the summer, when microorganism activity is high, 
followed by a wet period in fall. According to this theory, total concentration of Hg and
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MeHg are also related with the percentage of near shore wetlands o f the drainage hasin. 
This is because wetland is a source of DOM for the lakes, particularly in the summer 
(The University o f Vermont, 1995). Thus, dissolved organic matter can affect processes 
that may influence mercury cycling in the environment. The effective methods to control 
DOM include controlling water movement and proper land use (USGS, 2003).
Water Temperature and Air Temperature
Several researchers (e.g. Poissant and Casimir, 1998; Boudala et al., 2000; 
Poissant et al., 2004b) showed that mercury flux over water has a positive relationship 
with water and air temperature. Generally, Hg flux exhibits diel trends, evasion reaches a 
peak during midday and deposition occurs during nighttime (Poissant and Casimir, 
1998). Two reasons may explain the diurnal cycle: 1) when the water is warmer than the 
air, the evasion rate is driven by convection to the air layers above the water during 
daytime, thus promoting the emission o f Hg; 2) as water temperature increases, bacterial 
activity increases and the quantity o f CHsHg released into the water increases. Thus high 
concentration o f Hg in water leads to high emission rate (Chenery et al., 2001).
pH
Acidification o f lakes is negatively correlated with Hg and MeHg concentration 
according to several studies (e. g., Winfrey and Rudd, 1990; Lee and Iverfeldt, 1991; 
Lindqvist, 1991). The main reasons proposed by these researchers are: 1) the solubility of 
Hg increased due to the acidification o f lake. Thus leads to high release o f Hg to the lake; 
2) the coupling between pH and Hg species may be related to acid-base properties of 
dissolved organic substances in water bodies; 3) increase in the acidity of lake water will 
inerease the solubility o f inorganic Hg making it even more available to the bacteria that 
produce CHsHg, resulting in high Hg concentration (The University o f Vermont, 1995; 
Chenery et al., 2001).
Meili et al. (1991) found that pH and watercolor were strongly positively 
correlated. They reported that in brown water lakes, acidity is caused by humic acids. 
Therefore, more Hg is hound to the organic matter resulting in elevated Hg concentration. 
An alternative view o f the relationship between pH and Hg concentration was proposed 
hy Wang and Driscoll (1995). They observed an increasing o f total H2S when the pH
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values ranged from 7 to 8.3 in Onondaga Lake. They suspected that when pH values 
increase above neutral conditions, the elevated H2S might caused by the mobilisation of 
soluble mercuric sulphide complexes (Hg(HS)2 or HgS2'  ̂generated from sedimentation.
Solar Radiation
Several studies (Lindberg et al.,1995 and 2000; Gardfeldt et al., 2001) reported 
that solar radiation is the driving force for Hg evasion from water to the atmosphere. 
Lindberg and Zhang (2000) measured Hg flux over water in Everglades (USA) using 
DFC approach. They observed a strong diel cycle o f Hg flux with mean daytime fluxes 
an order o f magnitude or more higher than those during nigh-time. It seems that photo­
reduction is the main process for mercury emission from the water body during daytime 
(Amyot et al., 1994). Gardfeldt et al. (2001) reported a strong correlation o f Hg flux with 
solar radiation. They suggested that this relationship was a consequence of 
photochemically produced DGM.
Poissant and Casimir (1998) also observed the enhancement o f Hg flux by solar 
radiation. Besides the photochemical reactions involved in Hg emission from a water 
body, these researchers suggested that a strong stable thermal inversion close to the water 
surface is also important in maintaining mercury flux. Amyot et al. (1997) pointed out 
that the photo-chemical production o f Hg(0) from oxidized mercury in water column was 
initiated by UV light (280-400 nm). When UV light penetrates water to a higher depth, 
more Hg(0) will be produced and released from water surface to the atmosphere.
Wind speed
Two studies focusing on the relationship between Hg evasion and wind speed 
have quite different results. A study (Boudala et al., 2000) using DFC approach 
conducted in Kejimkujik National Park (Nova Scotia, Canada) shows a positive 
relationship between wind speed and Hg flux. Two mechanisms are proposed by Boudala 
et al. (2000) for the increase of air-water flux with wind speed: 1) vertical mixing of 
elemental mercury within the water column is promoted by wind to increase the diffusion 
rate of elemental mercury into the atmosphere. They observed that Hg flux increased 
linearly with an on-set wind speed o f 1.3 m/s. However, when wind speed reaches to a 
certain level (e.g., 2 m/s), Hg fluxes increase nonlinearly with wind speed. They
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
suspected that the enhancements in flux rate might be associated with the generation of 
capillary waves, which agrees with other studies (Waiminkhof et ah ,1987); 2) high wind 
speed enhances the transport of photo-reducible mercury closer to the surface where more 
UV light is available for photochemical reactions. Overall, the enhancement o f mercury 
flux at high wind speeds may be a consequence of the increased photo-reduction o f Hg(0) 
within the water column, associated with the replenishment of mercury available for 
photo-reduction within the radiation penetration depth o f the surface. On the other hand, 
a study conducted in St.Anicet (Quebec, Canada) by Poissant and Casimir (1998) using 
DFC approach found that wind speed is negatively correlated with mercury evasion from 
water to the atmosphere.
Other Factors Might Affect Hg Air-Water Exchange
Some researchers also reported other factors might relate to the Hg air-water 
exchange and these factors are summarized in Table 2.3.
Table 2.3. Other factors might affect Hg air-vegetation exchange flux
Parameters Effects References
Water vapor pressure Negative correlated Poissant et al., 2000
Relative humidity Negative related Poissant and Casimir, 1998
Watershed slope, lake area and depth Negative related Rasmussen et al., 1989
Formulation o f Hg Air-Water Exchange
The air-water exchange of Hg is driven by Hg concentration equilibrium between 
the vapor and dissolved phase and can be estimated by using a two-layer model (Liss and 
Slater, 1974):
F  ( C „ - C J H )  (2.18)
where F  is Hg air-water flux (ng/m^/h), Cw is the dissolved gaseous mercury
concentration (DGM, pg/1) in the water and Ca is the elemental mercury concentration 
(ng/m^) in the air, respectively,//' is the dimensionless Henry’s Law constant and is 
temperature dependent (Sanemasa, 1975), andK  is the mass transfer coefficient (cm/h) 
(Hornbuckel et al., 1994). K  is an empirical parameter varied with sites’ characteristics,
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chemical properties o f compounds and other environmental faetors. Properly formulation 
of K  is important for the aeeuracy o f flux estimation.
Boudala et al. (2000) proposed the following model based on field study results 
that Hg flux is strongly correlated with wind speed (r=0.67) and solar radiation (r=0.71):
F  = BR U [ , +c  (2.19)
where R is the net radiation (kW/m^), B, i and c are fitted constants.
The two-layer model considers the major factor in air-water exchange being 
DGM, which is probably a primary source of Hg emission from water surfaces. However, 
this model requires more inputs, including DGM concentration in the water, total gaseous 
Hg eoneentration in the air, and wind speed. On the contrary, the model by Boudala et al. 
(2000) needs only wind speed and solar radiation, which are relatively easy to measure.
2.4. Studies of Atmospheric Hg in Wetlands
Wetlands are very rich in bio-diversity and are considered to be major structural 
components o f littoral habitats, acting as shelter, nesting and feeding grounds for fish and 
birds (Poissant et al., 2004a). Wetlands are important transformation and phase transfer 
regions, linking the terrestrial, aquatic and atmospheric compartments of regional 
biogeochemieal Hg eycles (Wallschlager et al., 2002). Therefore, studies o f Hg air- 
surface exchange flux in wetlands yield useful information on atmospheric Hg transport 
and cycling in terrestrial and aquatic ecosystems. The following will deseribe some 
recent studies on Hg flux in wetlands.
2.4.1. A Study in a Coastal Wetland in Connecticut, USA
The first air-vegetation flux study under background wetlands was conducted 
during 1997-1998 in Cormecticut, USA (Lee et al., 2000). Hg eoneentration in the air was 
measured by an automatic Tekran® analyzer. Hg eoneentration was lower in the 
afternoon than at night. They explained that this probably was a result of diurnal variation 
in the mixing efficiency of the atmospheric boundary layer.
Hg flux over vegetation (a eoastal salt marsh and spartina) was determined by 
using a micrometeorological aerodynamic method. Significant emissions were measured 
over spartina during spring and summer in 1997. On the other hand, measured Hg flux 
over marsh salt seems to be a weak sink for atmospherie mercury. Mean net flux over salt
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marsh was characterized by the influence o f soil temperature and by plant biological 
activities. The highest mean net flux (13.2 + 23.3 ng/m^/h) was measured from late March 
to early April 1998, a period of episodic release. Hg flux during episodic release period 
appears to have been triggered by ice melting during an unusually warm event in early 
spring. Then the upward flux dominated the observations prior to the marsh complete 
leaf-out. Afterwards the net deposition flux occurred (-0.4 ±9.0  ng/m^/h) during early 
growth of vegetation between early May and late June 1998. In the full foliage period, the 
highest deposition value (-3.3 ± 12 ng/m^/h) was recorded from late June to mid July 
1998. The regression analysis indicates that mercury flux is correlated with 1-cm 
sediment temperature and solar radiation.
2.4.2. A Study in a Subtropical Wetland in Florida, USA
A field study in highly contaminated Hg wetlands was conducted by Lindberg et 
al. (2002) in 1996-1998. The study site was located in Florida Everglades wetland, 
which contains considerably elevated Hg. Hg flux over vegetation (cattail) was measured 
by using modified Bowen ratio technique and Hg air-water flux was measured in parallel 
by using flux chamber approach. Overall, emission over vegetation significantly exceeds 
evasion o f Hg over the water surface, and the flux over cattail is nearly double the 
emission over sawgrass during comparable meteorological conditions. Lindberg et al. 
(2002) suspected that the stomatal structure and other physiological differences o f these 
two vegetation might influence the emission of Hg over the two species o f vegetation. Hg 
fluxes over vegetation exhibits a distinct diurnal cycle with two peaks during daytime, 
which possibly related to different gas exchange dynamics: the first one in early morning 
might associated with lacunal gas release, and the second one at midday may relate to 
transpiration; nighttime fluxes approached zero.
The influences of environmental factors are also investigated. The driving forces 
of meteorological factors are air temperature and solar radiation. The strong correlation 
of Hg flux with CO2 flux and water vapor was first reported, which indicated that Hg was 
transpired from vegetation to the atmosphere. It seems that Hg air vegetation exchange 
flux is a stomata controlled process.
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2.4.3. Studies in Fluvial Wetlands in Quebee, Canada
A study to investigate the role o f water level in Hg air-soil exchange was 
conducted in 1999 and 2000 in the Bay St. Fran?ois wetlands (Poissant et al., 2004b). 
The study in 1999 was performed under hare soil (unvegetated portions) in dry wetland 
conditions and the study in 2000 was conducted under flooded conditions. Mercury 
fluxes were measured using dynamic flux chamber methods coupled with an automated 
Hg analyzer. Hg flux under dry conditions was higher than flux under flooded conditions. 
The correlations between Hg fluxes, net radiation and temperature (soil or water) 
indicated that the main process involved in air-soil gas exchange under dry conditions 
relates to the enthalpy of volatilization whereas under flooded conditions Hg flux is 
controlled hy photoreduetion processes.
The first Hg speciation field study in background wetlands is reported by Poissant 
et al. (2004a). They used modified Bowen ratio approach for flux speciation 
measurements in the Bay St. Francois wetlands (BSF), Quebec, Canada. A mercury 
speciation analyzer system, namely, a Tekran® 2537A coupled with a Tekran® 1135 and 
Tekran® 1130 are used to measure GEM, PM (0.1-2.5 |j,m) and RGM in the ambient air 
concurrently at 2-h intervals. Mercury speication concentrations are measured at the 
heights o f 1.5 and 3 m, respectively. The turbulent transfer coefficient is determined by 
an eddy correlation technique. Hg speciation fluxes were determined using equation 
(2.5).
The measured GEM concentrations are mueh greater than RGM and PM levels. 
Measured RGM and PM concentration exhibits sharp diurnal patterns with maximum 
values in midday and minimum values at night during all study periods, while the diurnal 
variation of GEM only occurred on some days. The diurnal cycle o f RGM and PM 
indicates that RGM and PM are daytime species. The measured RGM represents <1% of 
total gaseous mercury, suggesting relatively aged air masses in terms o f photochemical 
reactivity at the study site. GEM flux exhibits a diurnal cycle with two peaks during 
daytime and minimum fluxes at night, which has a similar bimodal pattern as observed in 
Florida wetland (Lindberg et al., 2002). The observed PM and RGM fluxes were mostly 
deposition during daytime. GEM evasion exceed deposition of GEM, RGM and PM, thus 
suggesting other sources of mercury to the mercury budget such as wet deposition
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through precipitation. The calculated median dry deposition velocities for three species 
are: GEM (0.19 cm/s) < PM (2.1 cm/s) < RGM (7.6 cm/s). Time series o f canopy 
wetness and RGM fluxes indicated that RGM fluxes are not driven by RGM solubility 
since the canopy was dry when larger RGM deposition were observed during daytime. 
The results obtained in the study by Poissant et al. (2004a) indicated that the vegetation 
might directly uptake RGM and release elemental gaseous mercury during daytime. The 
lifetime o f RGM over vegetation canopy is on the order of a few hours based on the 
measured concentration and calculated dry deposition velocity. The field study reported 
in this thesis is a part of the multiyear project conducted at the BSF site. However, this 
study employed three flux measurement methods: Bowen ratio, dynamic flux chamber 
and an innovative approach: dynamic flux bag, and was conducted for a longer period 
(from May to September, 2003).
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CHAPTER 3
AIR-SURFACE EXCHANGE OF ATMOSPHERIC 
MERCURY OVER SOIL, WATER AND VEGETATION IN 
THE BAY ST. FRANCOIS WETLANDS -  OBSERVATION
AND MODELING*
Hong Zhang, Laurier Poissant, Xiaohong Xu, Martin Pilote, Conrad Beauvais,
Marc Amyot, Edenise Garcias and Jerome Laroulandie
3,1. Abstract
Mercury (Hg) fluxes over soil, vegetation and water were measured using a 
dynamic flux chamber coupled with a Tekran® analyzer in the Bay St-Fran9ois (BSF) 
wetlands (Quebec, Canada) from June to August 2003. Mercury flux measured over these 
components exhibits a consistently diurnal pattern with maximum evasion occurring 
during daytime and minimum fluxes occurring at night. Daytime Hg fluxes are several 
times higher than the flux during nighttime. Measured mean Hg fluxes over soil is 1.29 
ng/m^/h, which has the highest flux rate compared with the air surface exchange with 
water (mean flux=0.32 ngW /h) and with vegetation on water (mean flux=0.68~1.24 
ng/m^/h at 4 sampling locations). Our data indicate that vegetation probably plays a 
certain role in air surface exchange flux, and the quantity o f flux may depend on 
vegetation species. The dissolved gaseous mercury (DGM) during most time is 
supersaturated, which indicates that water acted primarily as sources o f atmospheric 
mercury. Most influencing parameters affecting Hg air surface exchange with soil, 
vegetation and water were solar radiation and air temperature. It is also observed that Hg 
fluxes display stronger correlation with meteorological parameters at lower height than 
with the same parameters at higher levels, which indicates the important roles of sub­
surface layer in the Hg air surface exchange processes. Based on a two-layer model and a 
model by Boudala et al. (2000), several new models were developed and applied to 
predict Hg fluxes over water. The predicted Hg flux using the original and the improved 
models were compared with the measured one. Great improvements (62% -96% ) were 
made by using the newly developed models. These new models could help us in 
estimating Hg air-water flux in wetlands, which is an important part o f Hg global budget.
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3.2. Introduction
Wetlands play a crucial role in atmospheric mercury (Hg) cycling since they are 
characterized by abimdant natural resources and display a wide range o f habitats in 
hydrologic, soil and plants properties (Zillioux et al., 1993). Cycling o f atmospheric Hg is 
characterized by emission of the elemental Hg from soil, vegetation and water bodies, 
followed by atmospheric transport, transformation and deposition of mercury back to 
land and water surfaces. A repetitive cycle o f Hg deposition and volatilization results in 
Hg re-distribution and partitioning among various compartments including soil, 
vegetation and water. Wetlands can be important transformation and phase transfer 
regions, linking the terrestrial, aquatic and atmospheric compartments o f regional 
biogeochemical Hg cycles (Wallschlager et al., 2002). Some recent studies have 
investigated atmospheric mercury gaseous exchange with various air-receptor interfaces 
(e.g. Poissant and Casimir, 1998; Lee et al., 1999; Lindberg and Meyers, 2001; Poissant 
et al., 2004a and 2004b). While a few o f them are available in reporting Hg air surface 
exchange flux with soil, water and vegetation concurrently under backgroxmd wetland 
conditions. Hg air-surface exchange flux study in wetlands will provide some useful 
information on atmospheric Hg transport and cycling in terrestrial and aquatic 
ecosystems. In this study, mercury flux was measured using a dynamic flux chamber 
coupled with an automatic mercury vapor-phase analyzer (Poissant and Casimir, 1998). 
Meteorological parameters were monitored to investigate environmental effects on Hg air 
surface exchange processes.
Knowledge of Hg air-surface exchange is critical to modeling o f Hg cycling on 
various scales (Lindberg, 1996; Zhang et al., 2001). In this study, special attention was 
given to Hg air-water exchange flux models. This is because aquatic ecosystem and 
especially wetlands are important environments for Hg biochemical transformation and 
cycling. Suitable models will provide effective tools for predicting Hg exchange flux 
with water.
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3.3. Methodology
3.3.1. Site Descriptions
The field study was conducted in the Bay St-Fran9ois (BSF) wetlands 
(46°06’53.5”N, 72°55’45.8”W), as shown in Figure 3.1. The 16 km^ wetlands lie in the 
Lake St. Pierre, Quebec, Canada. The site is impacted by anthropogenic sources 
including agriculture, industrial and municipal pollutants. The main industrial sources are 
located approximately 30 km southwest of the site. The BSF wetlands are covered by 
soil, water and different species o f vegetation, mainly Scirpus fluviatilis, Sagitaria 
latifolia and Butomus umbellatus. Descriptions on other aspects of BSF wetlands can be 
found in Poissant et al. (2004a).
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Figure 3.1. Site map for Hg flux study at the Bay St. Francois wetland in Quebec, Canada. 
Site 1 is the main research center. Site 2 is for measurement o f the Hg air surface 
exchange with vegetation
Two study sites were set up during the intensive campaign for scientific and 
practical reasons. Site 1 was our main research platform station, which was equipped 
with state-of-the-art instruments measuring atmospheric variables involved in Hg cycling 
(e.g. relative humidity, net radiation, air and soil temperature, wind speed and direction).
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An automatic Hg analyzer (Tekran 2537A) was housed in an air-conditioned trailer. 
Electricity supply in site 1 was provided by a generator located about 50 m away. Air-soil 
and air-water Hg flux measurement were conducted in site 1 from July 4 to August 1, 
2003. Air-soil Hg flux study is conducted during two sampling periods, whereas air-water 
exchange is measured in one study period. Detailed sample dates and locations are 
summarized in Table 3.1.
Table 3.1. Summary o f experiment dates and locations in 2003
Surface media Starting date Ending date
Sampling Location 
(shown in Fig. 3.1)
Sample (flux) 
number
Soil (phase 1) July 4 July 11 Site 1 1010
Soil (phase 2) July 23 August 1 Site 1 1286
Water July 14 July 21 Site 1 978
Little vegetation 
(nenuphar, case A) June 14 June 18 Site 2 540
Some vegetation 
(nenuphar,case B) June 18 June 20 Site 2 279
No vegetation (case C) June 20 June 23 Site 2 358
More vegetation 
(scripus, case D) June 23 June 26 Site 2 472
Site 2 was located approximately 2 km northeast of site 1, as shown in Figure 3.1. 
Atmospheric parameters including air and water temperatures, wind speed and direction 
were monitored. The Hg analyzer (Tekran® 2537A) was accommodated in a boat, which 
was covered with a tarpaulin to protect the analyzer from rain and sunlight and ventilated 
with an electric fan. Electrical power in site 2 was supplied by a generator secured on a 
mobile platform. Site 2 was specially designed for Hg air surface exchange with 
vegetation on water. Two species o f vegetation, namely, scirpus and nenuphar were 
chosen for Hg exchange flux study. The main reason to select scirpus and nenuphar for 
Hg air vegetation flux study is due to the dominance o f these two species in the BSF 
wetlands. Air surface exchange flux with vegetation on water was conducted from June 
14 to June 23, 2003. Four experimental cases (Table 3.1) o f Hg flux study were 
performed to differentiate the roles of vegetation species and quantity in Hg air surface 
exchange. They are; air surface exchange with little vegetation {nenuphar, case A); some 
vegetation {nenuphar, case B); no vegetation (case C), and more vegetation {scirpus, case 
D) on water. Case A is about 5 m away from case B and were both located in nenuphar
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beds, which is approximately 100 m northeast o f case D {scirpus beds). Case C is in 
between the nenuphar and the scirpus beds.
3.3.2. Instrumentation 
Hg Flux
Hg flux measurement was conducted by using a dynamic flux chamber (DFC) 
coupled with an automatic analyzer (Tekran® 2537A). The automatic analyzer is 
designed to measure total gaseous mercury (TGM) in the air at sub-ng/m^ levels by Cold 
Vapor Atomic Fluorescence Spectrophotometry (CAVFS) (>.=253.7mm) based on gold 
trap amalgamation (Fitzgerald et al., 1979; Bloom and Fitzgerald, 1988). A 47 mm 
diameter Teflon® filter (0.45|xm) is used to remove particulate matter. Hg is 
simultaneously sampled and analyzed at a flow rate o f 1.5 1/min using dual cartridges at 5 
minute intervals.
The chamber consists of a hemispheric stainless steel bowl coated with Teflon®. 
The open area of the chamber (A) is 0.125 m^ and its volume is 0.010 m^ Details about 
this flux chamber can be found in Poissant and Casimir (1998). This chamber was 
previously intercompared with other types o f flux chambers during an international study 
conducted in Reno, Nevada (Gustin et al., 1999; Poissant et al., 1999). Mercury flux 
measured by the DFC is computed using the following equation (Xiao et al., 1991):
Fo=(Co-Ci)*Q/A (3.1)
where Fo is the total gaseous Hg flux in ng/m % , Co and C, are the outlet and inlet 
concentrations of total gaseous Hg in ng/m^, respectively, Q is the flushing flow rate 
(0.09 m^/h), and A is the enclosed surface area (0.10 m^). The positive sign o f the result 
means volatilization from the surface to the atmosphere, negative sign indicates 
deposition to the ground.
Air-soil flux measurement was conducted by removing vegetation from soil in dry 
wetlands at site 1. Soil surface was covered by the chamber and sealed tightly aroimd the 
external wall o f the chamber with surrounding soil. Hg air-water exchange flux was 
measured by installing the chamber over water surface with a buoy. The same 
deployment was applied for the measurement o f Hg air surface exchange flux with 
vegetation on water. The selected nenuphar and scirpus on water were less than 30 cm
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tall and if  necessary was bent to fit into the chamber. The quantity o f vegetation (little, 
some and more) covered by chamber is determined by visual inspection.
Total Mercury and DGM in Water
During two sampling periods: June 14 ~ 16 and June 18 ~ 20, 2003, dissolved 
gaseous mercury (DGM) concentrations in water were measured in site 2. The first period 
was characterized by cloudy and sunny weather conditions; the seeond period was 
featured as rainy and sunny. On June 16, 18, 20 and 23, total mercury concentration in 
water was measured daily at the same site.
Water samples were manually eollected at 1 or 2-hour intervals using Teflon 
bottles. The bottles have been previously rinsed in the laboratory before and again rinsed 
with the site water three times prior to sample collection. Each sample bottle was tightly 
sealed, double-bagged and placed into a dark cooler. Total Hg and DGM were measured 
in a field laboratory immediately after colleetion to reduce loss during transportation. The 
detailed method for total Hg and DGM analysis is described in Amyot et al. (1997). 
Measured DGM were used for air-water flux estimation by models.
The degree o f DGM saturation (Sa) can be expressed using the following 
equation:
Sa=[(CwHVCa] *100 (3.2)
where (ng/m^) is dissolved gaseous mercury concentration in the surface water,
(ng/m^) is the atmospheric Hg concentration, H’ is the dimensionless Henry’s Law 
constant depending on temperature (Sanemasa, 1975).
Meteorological Parameters
Meteorologieal parameters were measured at both sites at 5-minute intervals. 
Metal towers equipped with instruments were used to monitor environmental parameters 
including air pressure, net radiation, air and water temperature, relative humidity, water 
vapor pressure, precipitation, as well as wind speed and directions. Air temperature 
(accuracy ~ 0.02 °C) and relative humidity (aeeuracy ~ 0.7%) were measured using 
HMP35 humidity/temperature probes. Net radiation for both shortwave and longwave 
was recorded using Q-7.1 net radiometer at both sites. In site 1, the probes were placed at
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0.5 m, 2 m, 4 m and 6 m above the ground, respectively. Wind speed and wind directions 
were recorded at 8 m.
In site 2, HMP35 probes were placed at 0.5 m and 2 m above the water level, 
respectively. Water temperature is monitored as well at water surface. Wind speed and 
direction were measured at 5 m above water surface. Some related information about 
instrumentation can be found in Poissant et al. (2000).
Regression analyses o f Hg flux with meteorological parameters, such as net 
radiation, air temperature and wind speed, were conducted to investigate the 
environmental factors affecting Hg air-surface exchange flux.
QA/QC Protocol
Meteorological parameters at both sites were measured by using the same models 
o f probes to minimize inter-instrumental differences. All instruments were calibrated in 
the laboratory before shipping to the field to maintain good working condition.
The Tekan® analyzer was calibrated in the laboratory before the field campaign. 
No contamination is expected since the analyzer is an automated device working within a 
closed and clean environment. Sampling and storage materials were cleaned before 
sample collection. To avoid contamination with traces o f Hg compounds, clean 
techniques were carried out through all phases of sampling collection, handling and 
analyzing.
The flux chamber is cleaned prior to deployment. Chamber blank tests were 
performed before and after each field measurement. Detailed procedures on blank tests 
are available in Poissant and Casimir (1998). The measured outlet and inlet Hg 
concentration differences for blanks ranged from -2.19 to 1.14 ng/m^ (n=342) during four 
testing periods. The mean blanks for each period were: 0.28 + 0.39 ng/m^ (N=29) before 
air-vegetation on water measurement; 0.43 ± 0.37 ng/m^ (N=59) before air-soil 
measurement (phase 1); 0.09 ±0.17 ng/m^ (N=94) before air-water measurement; and 
0.03 + 0.37 ng/m^(N=160) before air-soil measurement (phase 2). The detailed statistical 
summary of blanks and testing periods can be found in Appendix A. Overall the blanks 
are low, however it would be better to conduct blank corrections in this study.
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3.3.3. Air-Water Hg Flux Models
Model Description and Development
In this study, several new models based on a two-layer model (Liss and Slater, 
1974) and a model by Boudala et al. (2000) were developed and applied to predict Hg 
air-water exchange flux. The two-layer model is based on the Hg concentration 
equilibrium between the vapor and dissolved phase (Poissant et al., 2000), and can be 
expressed as:
F  = K ( C „ - C J H )  (3.3)
where F  is predicted air-water Hg exchange flux (ng/m^/h) and K  is the mass transfer
coefficient (cm/h), Cw and Ca are DGM concentration (pg/1) in water and total elemental 
Hg concentration (ng/m^) in air, respectively, H'  is the dimensionless Henry’s Law 
constant and is temperature-adjusted.
The two-layer model is widely used to estimate atmospheric mercury exchange 
flux with open water (e.g., Xu et al., 1999; Wangberg et al., 2001). In a study conducted 
by Poissant et al. (2000), the following equation was used to calculate the K for Hg flux 
over the Upper St. Lawrence River and Lake Ontario, which was based on experimental 
results performed on a volatile compound SF6 (Hombuckel et al., 1994):
X =(0.45t/,;“ )[Sc.(//g)/Sc.(CO,)]-"‘ (3.4)
where Uio is the wind speed at 10 m height, Scw(Hg) and Scw(C02) are Schmidt numbers
for Hg(0) and CO2, respectively. Both Schmidt numbers are temperature-corrected.
Wangberg et al. (2001) applied a similar equation but different constants of pre- 
coefficient and exponential factor o f wind speed to predict Hg flux over the Balatic Sea:
K  = (0.31[/,o^)[5'c,,(//g)/600]-“  ̂ (3.5)
where 600 is the Schmidt number of CO2 in fresh water at 20°C. Both equations (3.4) and 
(3.5) were used to predict Hg emission from open water and the estimated emission was 
wind speed dependent. However, these two equations might not be suitable for the BSF 
site, which is covered by water as well as soil and vegetation.
After re-arranging equation (3.4), a general equation is derived as follow:
K = r S  (3.6)
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where K' is a meteorological dependent parameter, and S  represents the
term: \S c^{H g )lS c^ (C 0 2 )]  In this study, the improvement of K’ was sought based
on the relationship between the measured flux and meteorological parameters obtained 
from our field data. The wind speed measured at 8 m was adjusted to 10 m based on 
atmospheric stability and surface roughness (Cooper and Alley, 2002).
Hg flux over water was estimated using a model by Boudala et al. (2000) as well. 
They developed a simple parameterization linking Hg flux with solar radiation and wind 
speed based on a field study conducted in Kejimkujik National Park (Canada):
F  =BRU[^+c  (3.7)
where F is the predicted mercury flux (ng/m^/h), R is the net radiation (kW/m^), B, i and 
C are fitted constants. In this study, we proposed another model by forcing i=0, which 
means Hg flux is related to net radiation only.
Compared with the two-layer model, equation (3.7) requires only solar radiation 
(R) and wind speed (Uio)but without Hg concentration in the water and in the air. This 
model could only be used for air-water Hg exchange flux when water body is 
oversaturated in terms o f dissolved gaseous mercury; thus acting as sources for Hg 
emission to the atmosphere. Our data (Table 3.8) indicates that water is highly 
oversaturated in terms of DGM during the entire study period. This implies that the use of 
equation (3.7) is valid.
Model Evaluation
Hg flux obtained by using the original model (equation 3.4) and the newly 
developed models were compared with the observed Hg flux. Hg flux observation was 
made in site 2 from June 14 to 20. During this period, the chamber covers a small amount 
of vegetation (coverage < 30%). The newly developed models and the original model 
(equation 3.4) were evaluated by using the statistical indexes listed in Table 3.2. The 
empirical coefficients in the two models (equations 6 and 7) were derived from the data 
measured during the first sampling period (Jvme 14-16), seeking the minimum value in 
the NMSE. The newly developed models were then applied to the second study period 
(June 18 -  20) for model evaluation.
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Table 3.2. Statistical indexes for model evaluation
Index Root Mean Square Error Mean Absolute Error (MAE) (RMSE)
Normalised Mean Square Error 
(NMSE)
Equation MAE =  ^ T \ f , - F \  R M S E  =  ^ z j ^ ( F , - F r
(Fo-Ff
NMSE =   ̂ “-----
FoF
Note: Fo and F are the observed and predicted values, respectively, N is the sample number
3.4. Results and Discussion
Mercury flux measured over soil, water and vegetation exhibits a consistently 
diurnal pattern with maximum evasion occurring during daytime and minimum fluxes 
occurring at night (Figures 3.2, 3.3 and 3.5). Daytime Hg fluxes are several times larger 
than those during nighttime. Measured mean Hg fluxes over soil is 1.29 ng/m^/h, which is 
the highest flux compared with the air surface exchange with water (mean flux =0.32 
ng/m^/h. Table 3.3) and with vegetation on water (mean flux = 0.68-1.24 n g W /h  at the 4 
sampling locations. Table 3.6).
3.4.1. Air-Soil Hg Exchange Flux
Air-soil Hg flux measurements were conducted at the same location in site 1 but 
during two different periods (Table 3.2). Main meteorological parameters and Hg fluxes 
were summarized in Table 3.3. Net Hg fluxes were calculated in terms of daytime (EST 
7:00 -19:55), nighttime (EST 20:00-6:55) and all day, respectively. In phase 1 (July 
4-11, 2003), the measured mean Hg fluxes is 1.34+ 1.77 n g W /h  with daytime flux of 
1.91 + 2.23 ng/m^/h and nighttime value o f 0.46 + 0.34 ng/m^/h. During this period, some 
deposition flux was observed and we suspected that this might be due to the impacts of 
local sources, which is about 30 km away from this site. In phase 2 (July 23 -  August 1, 
2003), the average Hg flux is 1.25 ±0.69 n g W /h  with daytime flux of 1.54 ±0 .79  
ng/m^/h and nighttime level o f 0.91 ±0.31 ng/m^/h. No deposition was detected during 
this sampling period. Overall, daytime flux (1.7 ± 1.6 ng/m^/h for the two phases) is much 
larger than the flux during nighttime (0.85 ± 0.4 ng/m^/h). The magnitudes o f the mercury
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Air-soil (phase 1) Air-soil (phase 2) Air-water
Min Max Mean S.D. N Min Max Mean S.D. N Min Max Mean S.D. N
Temperature @ 0.5m (“C) 11.4 30.9 21.1 4.8 2023 11 28.5 19.7 3.5 2592 9.5 31.8 19.9 4.5 2569
Temperature @ 2m (”C) 13.1 29.5 21.2 3.9 2023 12.9 27.9 19.9 3.1 2592 11 29.7 19.95 3.9 2569
Temperature @ 4m ("C) 13.7 29.5 21.8 3.7 2023 14.1 27.9 20.5 3 2592 11.8 29.2 20.4 3.6 2538
Temperature @ 6m (”C) 13.5 28.9 21.5 3.6 2023 14.2 27.6 20.1 2.8 2592 11.7 28.3 20.1 3.5 2538
Relative humidity @ 0.5m (%) 28.8 98.3 76.1 15.9 2023 49.2 98.5 85.2 12.6 2592 37.1 98 80.7 15.7 2569
Relative humidity @ 2m (%) 26.8 98.2 73.2 16 2023 44.9 99.1 83 13.1 2592 38.6 98 78.8 15.3 2569
Relative humidity @ 4m (%) 26. 98. 71.3 16.2 2023 45.9 99.3 82.1 13.3 2592 37.8 98.4 78. 15.2 2538
Relative humidity @ 6m (% ) 26.3 98.8 71. 16.5 2023 46.6 99.9 82 13.5 2592 37.2 99.1 77.8 15.5 2538
Water temperature ("C) 15.3 26.1 20.9 2.6 2023 15.7 26.1 20.5 2.1 2592 16.4 27.9 20.4 2.5 2568
Soil temperature (“C) 12.5 27.7 19.8 3.4 2023 12.1 23.9 18.5 2.1 2592 11.3 24.8 18.7 2.8 2569
Wind speed (m/s) 0.02 10.3 2.5 1.5 2023 0.045 9.04 3 1.7 2592 0.09 11 2.7 1.25 2538
Air pressure (kPa) 100.2 102 101 0.43 2023 99.85 102.4 101.4 0.57 2592 101 102 101.3 0.3 1974
Solar radiation (W/m^) -202.1 785 153.2 216 1760 -135 768 115.5 181 2401 -239 668 125.8 191 2308
Soil heat flux 10.5 58.1 31.6 11.2 1761 5.64 48.1 30.7 7.31 2401 7.2 53.4 32.9 9.2 2308
Hg cone, in the air (ng/m’) 0.4 4.8 1.51 0.42 1010 0.68 2.2 1.4 0.21 1272 0.70 2.61 1.32 0.19 1036
Hg flux (ng/m%) -0.14 17.7 1.34 1.8 1010 0.14 4.0 1.25 0.69 1272 -0.22 1.44 0.32 0.38 638
Daytime flux (ng/m%) 0.07 17.7 1.91 2.2 547 0.14 4.0 1.54 0.79 690 -0.12 1.44 0.58 0.38 318





fluxes from BSF were comparable with the values reported by other studies under 
background conditions in Canada. For example, Poissant and Casimir (1998) reported 
median Hg flux over soil at 1.81 ng/m^/h, with a range o f 0.62- 8.29 ng/m^/h in summer 
1995 at St. Anieet (Quebec). A field study conducted in summer 1997 at Kejimkujik 
National Park, Nova Scotia, measured flux over soil ranged from -0.3 to 5.4 ng/m^/h for 
all sampling sites (Boudala et al., 2000).
A summary o f the regression analysis o f Hg flux with selected meteorological 
parameters is shown in Table 3.4. The results indicate that the driving forces for Hg 
emission from soil were net radiation, air temperature and relative humidity. Relative 
humidity shows strong anti-correlation with net radiation (r=-0.65, p<0.01) and air 
temperature(r=-0.55, /?<0.01) during the whole study period. The strong negative 
correlation between mercury flux and relative humidity is probably due to a confounding 
relationship between relative humidity and net radiation as well as air temperature, since 
no known effect was found for relative humidity on Hg fluxes. Thus there would be no 
future discussion on the relative humidity.














Wind speed -0.02 1008 0.01 1272 0.39** 622
Air pressure -0.14** 1008 0.24** 1272 -0.03 638
Solar radiation 0.54** 1008 0.77** 1188 0.74** 543
Water temperature - - - - 0.84** 638
Soil temperature 0.53** 1008 0.75** 1272 - -
Air temperature @0.5m 0.52** 1008 0.83** 1272 0.83** 638
Air temperature @2m 0.48** 1008 0.82** 1272 0.81** 622
Air temperature @4m 0.46** 1008 0.81** 1272 0.79** 622
Air temperature @6m 0.45** 1008 0.65** 1272 0.62** 638
Relative humidity @0.5m -0.38** 1008 -0.69** 1272 -0.82** 638
Relative humidity@2 m -0.28** 1008 -0.65** 1272 -0.79** 638
Relative humidity @4m -0.25** 1008 -0.63** 1272 -0.75** 622
Relative humidity @6m -0.23** 1008 -0.61** 1272 -0.72** 622
Water vapor pressure @0.5m 0.28** 1008 0.45** 1272 0.43** 638
Water vapor pressure @2m 0.2** 1008 0.31** 1272 0.30** 638
Water vapor pressure @4m 0.17** 1008 0.24** 1272 0.22** 638
Water vapor pressure @6m 0.15** 1008 0.20** 1272 0.16** 622
**. Correlation is significant at/?<0.01 level (2-tailed)
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The strong correlation o f Hg flux measured over soil with net radiation is 
noticeable, though the opaque chamber cover the surface o f soil thus shut out all lights. 
Similar observation was also reported by Poissant and Casimir (1998). It seems that the 
gas-phase diffusion through soil can be quite significant (Tinsley, 1979). On the other 
hand, the correlation of Hg air-soil flux with wind speed (r = -0.02 for phase 1 and r == 
0.01 for phase 2) is insignificant, this is probably because the chamber segregated the 
wind effect on Hg air-soil exchange process. It can be seen from Table 3.4 that the 
correlation of Hg flux with some meteorological parameters, such as air temperature and 
water vapor pressure is stronger at lower height than with the same parameter at higher 
level. For example, in phase 2, the correlation coefficient between Hg flux and air 
temperature decreases from r = 0.83 (p<0.01) at 0.5 m to r = 0.65 (p<0.01) at 6 m. This 
observation is similar to the results reported hy Poissant and Casimir (1998), who 
proposed the importance of sub-surface layer in Hg air surface exchange flux.
The time-series o f Hg flux with selected net radiation and air temperature in 
phase 2 is displayed in Figure 3.2. Hg emission reaches peak value during midday and 
deposition occurs during nighttime. A distinct and rapid response o f Hg emission to the 
net radiation (Figure 3.2a) was observed over soil. Our observations were consistent with 
previous field studies (e.g. Carpi and Lindberg, 1998; Poissant and Casimir, 1998; Gillis 
and Miller, 2000; Zhang et al., 2001; Gustin et al., 2002), which have also reported 
enhancement o f Hg emission by radiation. Zhang et al. (2001) found that wavelengths in 
both visible and ultraviolet range play important roles in the solar-enhanced emission of 
Hg from soil. They speculated that on short time scales (minutes) Hg emission by 
radiation enhancement is through direct transfer o f the photo-energy to Hg atoms; on 
longer periods (hours) by increasing temperature through conversion of solar energy to 
thermal energy.
It is also noticed from Figure 3.2b that Hg flux changed rapidly with air 
temperature. Hg flux displays a cle£ir diumal pattern with maximum evasion occurring 
during daytime and minimum fluxes occurring at night. The possible reasons for Hg flux 
increasing with air temperature are: 1) when the surface gets warmer, Hg(0) is transferred 
away by air masses from the soil to the atmosphere through convection process 
(Campbell and Norman, 1998); 2) warm temperature leads to increase vapor pressure for
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the mercury species, especially those highly volatile, such as Hg(0) and (CH3)2Hg, and 
also causes a desorption o f mercury from soil during daytime; 3) increasing temperature 
also causes an increase in reaction rates and microbiological activity resulting in a more 
intensive formation of volatile mercury species (Schluter, 2000).
a » Hg flux over soil • Net radiation
t I
7/23/03 7/24/03 7/25/03 7/26/03 7/27/03 7/28/03 7/29/03 7/30/03 7/31/03 8/1/03 8/2/03
Date




7/23/03 7/24/03 7/25/03 7/26/03 7/27/03 7/28/03 7/29/03 7/30/03 7/31/03 8/1/03 8/2/03
Date
Figure 3.2. Time-series o f (a) Hg air-soil flux and net radiation, and (b) Hg air-soil flux 
and air temperature, both in phase 2 (July 23~August 1)
The temperature dependence of Hg flux over the soil surface is shown by the 
Arrhenius equation:
F=Ae’̂ ®^  ̂ (3.8)
where F is Hg flux in (ng/m^/h), R is the gas constant (1.985 cal/°K) and T is 
temperature in degrees Kelvin, A is an independent pre-exponential factor and Ea is the
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activation energy (Kal/mol). Ea can be obtained from equation (8) by relating the natural 
logarithm of the Hg flux to the reeiproeal absolute temperature (Figure 3.3). In this study, 
the mean activation energies over soil were 22.2 Kcal/mol (21.2 and 23.2 Kcal/mol 
during the two sampling periods, respectively). The Ea values were comparable with the 
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Recprocal absolute air temperature @ 0.5cm, 
(10^/°K)
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Reciprocal absolute air temperature @ 0.5cm, (10^/°K)
Figure 3.3. The Arrhenius plot—air temperature (0.5 m above the ground) and mereury 
flux over the soil surfaee for (a) phase 1 and (b) phase 2
Table 3.5. Measured values o f aetivation energies eondueted by using the dynamic flux 
chamber method and the theoretieal value is 14 Kcal/mol
Environmental
components Location of measurement
Activation Energy (Ea) 
(Kcal/mol)
Reference
Over soil BSF wetland, Quebec 22.2 This study
Over soil 
Over forest soil
St.Anicet pasture field, 
Quebec 




Poissant and Casimir 
(1998) 
Boudala et al. (1999)
Black shale Yukon 2.9, 10.3 and 12.4 at 3 sites Schroeder et al. (2002 )
Vegetated shale Yukon 19.3 Schroeder et al. (2002)
Black shale Thunder Bay, Ontario 15.3 Schroeder et al. (2002)
3.4.2. Air-Surface Exchange with Vegetation on Water
Hg air surface exchange flux with vegetation on water was conducted in four 
eases: A, B, C and D in site 2 (Table 3.1). Measured Hg flux is likely the combination of 
evasions from the vegetation and water surface. Figure 3.4 shows the time series
52


















Table 3.6. Summary of meteorological parameters, Hg concentrations and fluxes measured in site 2






Min Max mean std N Min Max mean std N Min Max mean std N Min Max mean std N
air T @ 0.5m (°C) 13 31.2 21.4 4.33 836 11.7 24.5 17.3 3.33 1056 15 24.9 18.6 2.54 517 19.5 32.35 26.2 3.8 943
water T (”C) 20.9 28.9 24.6 2.04 836 16.6 24.9 19.5 1.69 1049 18 23.5 20.9 1.22 515 24.6 32.3 28 2.04 943
RH @ 0.5m (fraction) 0.29 0.98 0.72 0.2 836 0.4 0.98 0.76 0.15 1056 0.6 0.96 0.73 0.09 517 0.4 0.97 0.73 0.15 943
Net radiation (WW) -137 893 217.9 317 836 -75.9 778 203 299 822 -83 876 138.2 244 517 -62 773.9 245 295 943
wind speed (m/s) 0 3.23 0.61 0.83 836 0.11 8.1 2.47 1.46 1056 0 7.59 4.03 2.13 326 0 6.01 2.37 1.4 943
Hg concentration in the air 
(ng/m^) 1.4 2.4 1.81 0.21 359 1.31 3.61 1.82 0.35 540 1.30 6.56 1.85 0.55 279 1.09 5.11 1.57 0.29 472
Hg flux (ng/m%) 0.04 3.37 1.02 0.77 358 0 2.52 0.68 0.35 540 -1.24 2.01 0.71 0.45 279 -0.94 4.07 1.24 1.02 472
Daytime Hg flux (ng/m%) 0.27 3.37 1.58 0.77 165 0.23 2.52 1.22 0.57 199 0.33 2.01 0.96 0.44 147 -0.94 4.07 1.78 1.03 274



















Hg flux Air temperature at 0.5m 
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Figure 3.4. Time series o f (a) Hg air-vegetation flux (case D) and air temperature at 0.5 m, 
and (b) Hg air-vegetation flux (case D) and net radiation
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of Hg fluxes measured over more vegetation (case D) with net radiation and air 
temperature. The flux exhibits diumal pattem with larger flux during daytime than that at 
night (Table 3.6). Measured Hg flux, Hg concentration in the air, and meteorological 
parameters for each case are summarized Table 3.6. The average o f total Hg in the air is 
very close for cases A, B and C (1.81 ± 0.21-1.8 3 ± 0.55 ng/m^) but lowest for case D 
(1.57 ±0.29 ng/m^) (Table 3.6). The mean Hg flux and total Hg concentration in the 
water for each case were shown in Figure 3.5. As can be seen, total Hg concentration in 
water decreases from the nenuphar beds to the scirpus beds with the highest Hg 
concentration in the nenuphar beds (1.97+0.04 ng/1 for case A and 1.6+0.02 ng/1 for 
case B) and lowest concentration in the scirpus beds (0.84 ±0.02 ng/1). Measured Hg 
concentration in water for case C (located in between the nenuphar beds and the scirpus 
beds) has the intermediate level (1.19 ± 0.02 ng/1).
! Total Hg concentration in water □  Hg flux
o little nenuphar some nenuphar no vegetation more scirpus
^  (Case A, 14-18, (Case B, 18-20, (Case C, 20-23, (Case D, 23-26,
June) June) June) June)
Location and Date
Figure 3.5. Measured mean Hg flux and total Hg concentration in water for each case in 
site 2
On the other hand, Hg fluxes increase from nenuphar bed to scirpus beds (Figure 
3.5). The flux in nenuphar beds has the lowest flux (0.68± 0.35 and 0.71 ± 0.45 ng/m^/h 
for case A and B). The highest flux (1.24± 1.0 ng/m^/h) was measured in scripus beds 
(case D), and this coincidentally occurred with the strong net radiation, warm water 
temperature and moderate air temperature during sampling period. Hg flux measured in 
case C (without vegetation) has the intermediate flux (1.02 ±0.77 ng/m^/h). From Figure
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3.5, it can be seen that total Hg concentration in water has the opposite trend as the flux 
measured in each case. It seems that low Hg concentration in the water is due to the high 
emission o f Hg fluxes from water bodies to the atmosphere. In other words, the low 
fluxes emission leading to high total Hg in the water.
The flux measured over scirpus (1.24± 1.0 ng/m^/h) is about 77% higher than the 
one measured over nenuphar (0.70 ± 0.30 for case A and B), which indicates that 
vegetation probably plays a certain role in mercury air-surface exchange as conduits for 
Hg to enter or leave atmosphere (Rea et al., 2000; St. Louis et al., 2001; Lindberg et al., 
2002). The ability of plants to transfer Hg between atmosphere and vegetation is different 
depending on the characteristic o f plants species and environmental conditions. Lee et al.
(2000) measured both salt marsh and spartina vegetation over background wetland. They 
found that overall marsh is a weak sink to remove Hg from atmosphere and they reported 
that Hg is emitted from spartina during its early growth period. Three competing 
mechanisms were proposed by these authors: 1) Hg vaporization; 2) oxygen transport via 
roots; and 3) diffusion into plants via stomata. For this field campaign, the measured Hg 
flux over nenuphar and scirpus were conducted during different sampling periods thus 
have slightly different meteorological conditions (Table 3.6). These environmental 
dissimilarities may have certain effects on Hg air-surface exchange rates. Further surveys 
on water, Hg speciation, plants and sediments would be necessary to investigate these 
physiological influences.
3.4,3. Air-Water Exchange Flux
Hg Air-Water Flux Measurement
Similar to air-soil and air-vegetation exchange, air-water Hg flux exhibits a clear 
diumal pattem with maximum flux (1.44 ng/m^/h) during daytime and minimum flux ( -  
0.22 ng/m^/h) at night as shown in Figure 3.6. The time series o f Hg flux with net 
radiation and temperature (Figure 3.6) indicate that air-water exchange is also a solar 
radiation and temperature induced process.
Measured Hg flux over water in site 1 was summarized in Table 3.3. As can be 
seen, air-water Hg flux has a much lower mean level (0.32 ng/m^/h) compared with air- 
soil flux (1.29 ng/m^/h). Our results were consistent with the values by Poissant and
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Casimir (1998), who reported larger Hg flux over soil and estimated that air-soil 
exchange rate is about 6-8 fold greater than air-water exchange rate. The possible reasons 
for a higher Hg flux over soil are as follow. First, Hg concentration in surface water is 
relatively imiformly distributed thus has relative low Hg concentration. Hg in water can 
be captured by sedimentation as well. In contract, the uppermost soil layer contains high 
content o f Hg due to its high affinity to organic matter (Schluter et al., 2000). Therefore, 
under the same meteorological conditions, the compartment that has higher Hg 
concentration soil) is more likely to release Hg from surface to the atmosphere. Second, 
the transfer coefficient o f Hg from air in soil is much higher than that from water. As a 
result, Hg is more easily being transported to the air from soil than from water.
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Figure 3.6. Time series o f (a) air-water Hg flux and net radiation, and (b) air-water flux 
and air temperature
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The measured DGM in water, TGM (expected to be mainly Hg(0)) in the air and 
meteorological parameters from June 14 to 20, 2003 were summarized in Table 3.7. On 
June 16, 18 and 20, the mean DGM is 54.5, 40.3 and 33.5 pg/1 respectively with the range 
of 21 to 145 pg/1 during the 7-day sampling period. On these three days, total Hg 
concentrations were measured daily aroimd 11:00 am and the values are: 2 .0 , 1.6 and 1.2 
ng/1, respectively. The percentage of DGM was determined by dividing the DGM to the 
corresponding total Hg concentration in water measured at the same sampling period. 
Hence DGM accounts for approximately 3% of the total mercury in surface water. Our 
measured DGM and TGM are comparable with the data by Amyot et al. (1994) who 
measured 51 pg/1 o f DGM and 1.7 ng/1 o f the total mercury in the surface water of 
Ranger Lake (Ontario, Canada) in 1993. According to their data, DGM consists o f 3% of 
total Hg, which agrees well with our results. However, our data are a bit lower than the 
levels of 6~16% of DGM in total Hg in the fall 1998 at the Upper St. Lawrence River and 
Lake Ontario reported by Amyot et al. (2000).
Table 3.7. Summary o f measured dissolved gaseous mercury in the water, total gaseous 
mercury in the air, Hg flux, meteorological parameters and their correlation coefficients 
with Hg flux from June 14 to June 20, 2003








TGM (ng/m^) 1.37 4.78 1.79 0.47 80 0.17
Net radiation (W/m^) -52.10 636.82 163.38 197.57 82 0.74**
Water temperature (°C) 16.68 24.80 20.12 1.98 81 0.82**
Wind speed (m/s) 0.57 6.89 3.14 1.6 81 -0.15
Measured Hg flux (ng/m%) 0.05 2.44 0.69 0.53 81 —
DGM (pg/1) 37.63 111.27 77.07 23.01 41 -0.27
June 14-16,2003
TGM (ng/m’) 1.37 3.11 1.70 0.39 41 0.32*
Net radiation (W/m^) -50.53 636.82 188.67 202.54 41 0.81**
(Model
development)
Water temperature (°C) 16.68 24.80 19.24 2.10 41 0.89**
Wind speed (m/s) 0.70 6.89 2.64 1.66 41 -0.18
Measured Hg flux (ng/m%) 0.09 2.43 0.61 0.60 41 —
DGM (pg/1) 
TGM (ng/m’)
20.73 144.8 56.49 30.02 42 -0.05
1.38 4.78 1.88 0.53 40 -0.02
June 18-20,2003 Net radiation (W/m^) -52.10 563.78 136.4 189.55 42 0.75**
(Model evaluation) Water temperature (“C) 18.40 23.40 20.97 1.38 41 0.79**
Wind speed (m/s) 0.70 6.89 2.68 1.66 41 -0.23
Measured Hg flux (ng/m^/h) 0.05 1.68 0.77 0.44 40 -
**. Correlation is significant & t p <  0.01 level (2-tailed)
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The degree o f saturation, which is expressed in equation (3.2), is an indieator of 
the saturation status o f mercury in water. Sa greater than 100 means supersaturation of 
DGM in the water, otherwise undersaturation is indicated. The mean Sa values on June 
15,16 and 19 are listed in Table 3.8. The measured Sa was in the range of 385%~2359%, 
which indicated that the water in site 2 was highly supersaturated in terms o f DGM. 
These values (385%~2359%) were comparable with the data by Poissant et al. (2000) 
who reported 476%~2163% of saturation over Lake Ontario and Upper St. Lawrence 
River in summer 1998. Supersaturation probably was due to the strong net radiation 
effect. High DGM supersaturation (Fitzgerald et al., 1994) implies a net evasion of 
gaseous Hg from the water towards the atmosphere. Hg emission from water surfaces can 
reduce the Hg burden in lakes or oceans, thus limit the formation of methylmercury. 
Consequently, the harmful health effects on fish-eating animals and humans will be 
reduced.
Table 3.8. Summary o f meteorological parameters, measured DGM and Hg fluxes 
(mean + std) on selected dates
Date and Time
Parameters
6/15/2003, 3:00 ~ 23:00 6/16/2003, 3:00 ~ 19:00 6/19/2003,1:00 ~ 23:00
Weather condition Cloudy Correl. coeff. with flux (r) Sunny
Correl. coeff. 
with flux (r) Rainy
Correl. coeff. 
with flux (r)
Water T ("C) 18.63 ± 0 .70 0.11 19.99 ±2 .96 0.93** 21.28 ± 0 .49 0.52*
Air T @0.5mCC) 15.73+ 1.68 — 17.71 ±  4.52 — 18.86 ±  1.51 —
Wind speed (m/s) 3.45 ±+1.84 0.76** 1.46 ±+0.45 0.29 2.5 ±  1.04 -0.71**
Net radiation (W/m^) 141.51 ±  146 0.87** 302.04 ±  235 0.83** 82.83±  111 0.46*
DGM (pg/1) 94.75 ±  11.78 0.42 54.5 ±  11 0.58* 75.61 ±  30 -0.14
TGM (ng/m’) 1.55 ±  0.18 -0.48* 1.88 ± 0 .18 0.19 2.05 ±  0.66 -0.49*
Saturation (%) 1785 ±  376 — 946 ± 3 1 2 — 1149 ±  443 —
* Correlation is significant at /? < 0.05 level (2-tailed) 
** Correlation is significant d X p <  0.01 level (2-tailed)
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The time series o f DGM and net radiation on three typical dates (June 15, 16 and 
19, 2003, respectively) is shown in Figure 3.7. These three days have relatively complete 
DGM data and were representative o f three different weather conditions. The related 
environmental conditions and measured TGM, DGM on these three specific days were 
summarized in Table 3.8. On a cloudy day (June 15) and on a sunny day (June 16), the 
measured DGM in water exhibit a clear diumal pattem (Figure 3.7) with the net radiation. 
The maximum DGM occurred during late aftemoon and minimum concentration in the 
early morning or night. The high DGM production during daytime is probably due to the 
transformation of Hg from Hg(II) to Hg(0) via photochemical reactions in water (Amyot 










6/15/03 0:00 6/16/03 0:00 6/17/03 0:00 6/18/03 0:00 6/19/03 0:00 6/20/03 0:00
Date and Time (EST)
Figure 3.7. Time series o f measured dissolved gaseous mercury (DGM) in water and net 
radiation on June 15, 16 and 19, 2003
The time series o f DGM and Hg flux on June 15, 16 and 19 are shown in Figure
3.8. DGM under suimy weather (June 16) has the lowest concentration (54.5 ±11 ng/m^) 
compared to a cloudy (June 15, 94.8 ± 11.8 ng/m^) and a rainy day (June 19, 75.6 ±30  
ng/m^). On the other hand, Hg flux (Figure 3.8 b) displays the highest value (1.0+0.8 
ng/m^/h) when sunny compared to cloudy (0.35 ± 0 . 15  ng/m^/h) and rainy days 
(0.65 ± 0.2 ng/m^/h). It seems that under strong radiation, the low DGM in water is 
caused by a high emission of Hg(0) from water body.
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a
June 15 ( cloudy day)
June 19 ( rainny day)
■Poly. (June 16 (Sunny day))
June 16 (Sunny day)
•Poly. (June 15 ( cloudy day)) 
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Figure 3.8. Time series o f (a) measured dissolved gaseous mercury, and (b) Hg air-water 
flux, on June 15, 16 and 19, 2003
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Air-Water Hg Exchange Models
Several new models were developed and applied to estimate air-water Hg 
exchange flux. The two-layer model (equations 3.3 and 3.4) predicts Hg flux based on 
measured DGM in water and TGM in air and is wind speed dependent. Wangberg et al.
(2001) found that this model is sensitive to the selection of K, which is an empirical 
parameter varied with site characteristics, chemical properties o f compounds and other 
environmental factors. In this study, Hg flux using the original model (equation 3.4) was 
overestimated on some days. For example, on June 15, the modeled flux using equation 
3.4 is one order greater than the observed one as shown in Figure 3.9, though both 
modeled and observed fluxes have the similar trends: maximum flux occurred during 
daytime and minimum flux at night.






















Date and Time (EST)
Figure 3.9. Time series o f the observed Hg flux and the predicted flux using the original 
model (equation 3.4) on June 15, 2003 (a cloudy day)
The regression analyses o f measured Hg flux with some meteorological 
parameters were conducted as shown in Table 3.7. Our data indicate that Hg flux is 
strongly correlated with net radiation and water temperature, and weakly correlated with 
wind speed during all three periods: model development, model evaluation, and whole 
sampling periods. According to our field data, an exponential relationship o f net radiation 
and water temperature with Hg flux was used for the newly developed models (equation 
3.10 and 3.11 in Table 3.9), which is similar to the study by Carpi and Lindberg (1998).
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They developed two equations: Log(Flux)=aTs+b and Log(Flux)=cR+d, for air-soil Hg 
flux estimation, where a ,b c and d are empirically fitted constants; Ts is soil temperature 
in °K, and R is the total radiation in W/m^.
Three new models based on the two-layer model were developed, shown in Table
3.9, and were used for air-water exchange estimation: one is wind speed dependent, 
which is similar to the original one but with improved coefficients (equation 3.9); and the 
other two were net radiation (equation 3.10) and water temperature (equation 3.11) 
dependent. These three new models are functions o f DGM and K’ (turbulence transfer 
coefficient), they are referred to as group A hereafter.
Table 3.9. Newly developed models based on the two-layer model and one by Boudala et 
al. (2000)
Eqn Developed models Descriptions
(3.9) ^  = 1.015(7, Uio (m/s) is wind speed at 10m
(3.10) 7: = 0.39exp^^*''5 R is net radiation (kW/m^)
(3.11) / :  = 0.0056 exp“̂ ''^ 5 T is water temperature (°C)
(3.11) F  = 2.2R(/,o®®“  +0.25 R is net radiation (kW/m^), Uio (m/s) is wind speed at 10 m
(3.12) F  = 2.25R + 0.2S R is net radiation (kW/m^)
Air-water flux is also estimated using a model by Boudala et al. (2000) (equation
3.7). The fitted constants of this model on the basis o f the BSF data are shown in Table 
3.9 (equation 3.12). As can be seen, the exponential coefficient o f wind speed is very 
small (i=0.005) due to the fact that our Hg flux is weakly related with wind speed (Table
3.7). Thus, a new model (equation 3.13 in Table 3.9) relating to the net radiation only 
was developed and used for Hg air-water flux estimation. Equations 3.12 and 3.13 are the 
parameterized models relating to the net radiation and wind speed. They are referred to as 
group B hereafter.
These new models were developed using the first sampling period data sets (June 
14-16, 2003) then applied to the second study period (June 18-20, 2003). The predicted 
flux using the original model (equation 3.4) and the improved models (equations 
3.9-3.13) were compared with the measured flux. The evaluation of each model during 
the model development phase (June 14-16, 2003) and the model evaluation phase (June
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18-20, 2003) is summarized in Table 3.10. The lower index value represents the smaller 
discrepancy between the measured and modeled Hg flux. As can be seen from Table
3.10, the newly developed models improved approximately 62%~96% over the original 
one (equation 3.4). The statistical indexes achieved by group B (equations 3.12 and 3.13) 
are small during both model development and evaluation periods. In addition, it is 
noticed that the statistical indexes by equations (3.12) and (3.13) are very close, however 
only one input is required for equation (3.13). Consequently, equation (3.13) is favored in 
group B.
Table 3.10. Results of model-measurement comparison using the original and the newly 
developed. The bold number indicates the minimum index among all models
Sampling period Indexes equation 4 equation 9 equation 10 equation 11 equation 12 equation 13
June 14-16, 2003 MAE 2.32 0.63 0.28 0.31 0.26 0.28
(Model RMSE 3.57 0.71 0.39 0.38 0.36 0.36
development) NMSE 8.40 1.02 0.36 0.34 0.31 0.30
MAE 1.31 0.41 0.41 0.40 0.31 0.32
June 18-20, 2003 RMSE 1.74 0.59 0.51 0.64 0.38 0.42(Model evaluation)
NMSE 2.03 0.77 0.78 0.55 0.37 0.39
The index values by group A (equations 3.9-3.11) are also in an acceptable low 
range. Those new models consider the major factor in air-water exchange being DGM, 
which is probably a primary source o f Hg emission from water surfaces. Among the three 
new models in group A, the statistical indexes by equations (3.10) and (3.11) are lower 
than that o f equation (3.9). This indicated that the new models linking Hg flux with the 
net radiation and water temperature perform better than the one related to wind speed. 
Equation 3.10 with the net radiation is preferred in group A because photo-reduction is 
the dominant process involved in Hg air-water exchange based on a study in the BSF site 
(Poissant et al., 2004b).
The time series o f the observed flux and the calculated flux using the preferred 
models (equation 3.10 and equation 3.13) is shown in Figure 3.10. As can be seen, Hg 
fluxes predicted by the newly developed models performed well during both model 
development and evaluation periods. The predicted fluxes are of the same order as the 
measured one and with the similar pattern: the flux reaches maximum around late noon 
and minimum flux occurred during night or early morning.
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’ observed Hg flux ” Modeled Hg flux (Eq.3.13) ■Modeled Hg flux (Eq.3,10)
 ̂A
6/14/03 12:00 6/15/03 12:00 6/16/03 12:00 6/17/03 12:00 6/18/03 12:00 6/19/03 12:00 6/20/03 12:00
Date and Time (EST)
Figure 3.10. Time series o f observed and predicted Hg flux using the newly developed 
models (equations 3.10 and 3.13)
Further analysis of the observed and modeled flux on June 15, 16 and 19 (Figure 
3.10) revealed some interesting features. These three days are representative o f three 
different weather conditions (Table 3.8) and have relatively complete data sets. On June 
15 (cloudy day), the predicted flux is overestimated approximately 2-3  times; On June 16 
(sunny day), the calculated flux fitted the observed one well. On June 19 (rainy day), the 
modeled flux is underestimated during most of the time, except around noon. The 
regression analyses o f Hg flux with some environmental factors on these three typical 
days shown in Table 3.8 could offer some explanation. As can be seen, the net radiation 
and DGM exhibit stronger correlations with Hg flux on sunny day and on cloudy day 
than that on rainy day.
In reality, mixed weather conditions are observed for any given periods. 
Therefore, care should be taken for proper selection o f models with key meteorological 
parameters to ensure a better predictive capacity. It is worth mentioning that these new 
models are developed on a 6-day database (N=81). More efforts are needed to verify 
these newly developed models, therefore they can be improved and used to wider range 
o f environmental conditions to predict Hg air-water flux.
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3.5. Conclusions
Measured Hg fluxes over all three media (soil, vegetation and water) were higher 
during daytime than that o f at night in BSF wetlands, which imply the strong influences 
o f solar radiation and air temperature. Hg fluxes over soil have the highest value 
compared with that over water and vegetation. The magnitude o f Hg flux over vegetation 
may depend on the species of plants. DGM exhibits a diurnal pattern, which indicates that 
solar radiation is critical in the production o f DGM. The measured DGM accounts for 
approximately 3% of total Hg in water.
Several new models based on a two-layer model and the one by Boudala et al. 
(2000) were developed and applied to estimate Hg flux over water. Hg flux predicted by 
the original model was overestimated on some days through the flux predicted by the 
original model has the similar pattern as the observed one. Great improvements (62% 
-96% ) were made by using the newly developed models. Among these newly developed 
models, the ones linking Hg flux with net radiation and water temperature work better 
than the models relating Hg flux with wind speed. These new models are able to estimate 
air-water flux with the same order and the similar diurnal patterns. These new models 
could help us in predicting air-water Hg exchange from water body in wetlands, which is 
an important part of mercury global budget.
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CHAPTER 4
MERCURY AIR-VEGETATION EXCHANGE FLUX IN THE 
BAY ST. FRANCOIS WETLANDS — DYNAMIC FLUX BAG 
AND MICROMETEOROLOGICAL METHODS*
Hong Zhang, Laurier Poissant, Xiaohong Xu, Martin Pilote, Conrad Beauvais
4.1. Abstract
Understanding the role o f vegetation in the atmospheric mercury (Hg) cycling is 
critical. However knowledge o f air-vegetation exchange flux remains insufficient. An 
intensive study was conducted to focus on Hg air-vegetation exchange flux in the Bay St. 
Francois wetlands from May 20 to September 15, 2003. Gas-phase elementary mercury 
fluxes over vegetation in wetlands were measured using micrometeorological method 
(Bowen ratio) and an innovative approach -  dynamic flux bag (DFB) technique. Data 
measured using the Bowen ratio approach indicates that both emissions and depositions 
occur, and they are o f the same order during the sampling period. Deposition appears to 
dominate the net air-vegetation exchange at this site. The influences o f environmental 
parameters on Hg exchange flux were investigated and the most pronounced 
meteorological factors are solar radiation and air temperature. The fluxes measured using 
Bowen ratio and DFB approaches during August 22-28, 2003 were inter-compared with 
regard to the magnitude o f the fluxes and their directions (deposition or emission). 
Overall, the fluxes measured by two approaches were indicative o f deposition- dominant 
processes. Quantitatively, the mean Hg flux using Bowen ratio is much larger than the 
fluxes using dynamic flux bag during the same sampling period. Hg flux speciation study 
is also investigated using DFB approach, the dry deposition velocities for all species are 
generally smaller than those measured using Bowen ratio approach.
Keywords: air-vegetation exchange, mercury speciation, wetlands, dynamic flux bag 
* To be submitted for publication: Journal o f Geophysical Research
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4.2. Introduction
Mercury (Hg) is a well-known hazardous, bio-accumulative global pollutant 
(Poissant et al., 2002). Enviromncntal contamination by Hg has gained much attention in 
many regions recently. Many studies have illustrated that atmospheric sources from 
natural surfaces contribute considerable amount o f Hg in global cycling (e.g. Poissant and 
Casimir, 1998; Lee et al., 1999). In the atmosphere, Hg normally exists in three forms 
and these Hg species behave differently due to their unique chemical and physical 
properties. The dominant species in the air is gaseous elemental mercury (GEM), which 
has low solubility and is readily to emit from sources to the atmosphere. The other two 
forms are reactive gaseous mercury (ROM) and particulate mercury (PM) species. Both 
RGM and PM are capable of dry or wet deposition. Total gaseous mercury (TGM) is 
mainly comprised of GEM with minor combinations o f RGM and organic mercury 
species. All three compormds, GEM, RGM and PM can be inter-transformed from one 
form to another through biotie or abiotic processes under certain environmental 
conditions. These distinctive characteristics o f mercury result in its tendency to be readily 
re-emitted in the gas phase once it deposits onto the surfaces via dry and wet deposition 
processes.
Hg air-surface exchange with water and soil are well documented (e.g. Poissant 
and Casimir, 1998, Zhang et al., 2001). Knowledge of plants function for mercury 
transport in the atmospheric Hg cycling has been explored but still remains insufficient. 
Recent studies have reported that plants play important roles in mercury air-surface 
exchange flux as conduits for Hg to enter or leave terrestrial ecosystems (Lindberg and 
Meyers, 2001). Vegetation can accumulate Hg (Hg(0), Hg(II) and Hg(p)) by wet and dry 
deposition on foliars. It can also absorb Hg(II) in soil water via their extensive root- 
related system. Mercury can leave plants via evapotranspiration process or by litterfall 
and throughfall (St. Louis et al., 2001; Rea et al., 2000). In order to better understand air- 
vegetation exchange process under backgrovmd conditions, an intensive field study was 
conducted in the Bay St-Francois (BSF) wetlands. This study focuses on wetlands 
because wetlands are rich in diversities o f substrate and vegetation species; thus they are 
ideal occasions for Hg air-vegetation exchange study. This paper presents the results of 
Hg air-vegetation flux using Bowen ratio and dynamic flux bag approach.
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4.3. Methodology
The extensive field study was conducted using both meteorological methods and 
an enclosure technique from May to September in 2003. Meteorological approach is used 
to measure flux over a large area o f mixed vegetation and the enclosure method is used to 
measure Hg exchange with one species of vegetation, namely scirpus fluviatilus. During 
the field campaign, quite a few sensors and instruments were used for environmental and 
other parameter measurements. In order to take into account different sampling 
frequencies, the data-matrix was constructed with 1-h median values to match these 
sampling periods, except for mercury speciation which was built with 2-h as described 
below.
4.3.1. Site Description
The field site, shown in Figure 4.1, is located within the Bay St-Francois (BSF) 
wetlands in the Lake St. Pierre, Quebec, Canada (46°06’53.5”N, 72°55’45.8”W). BSF 
wetlands consist o f water, soil and different species of vegetations, such as Scirpus 
fluviatilis (51-75%), Sagitaria latifolia (11-25%) and Butomus umbellatus (11-25%). 
The height and leaf surface area o f vegetation varied from month to month, started from 
no or little vegetation in May and reached a maximum with mean vegetation height o f 1.7 
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Figure 4.1. Location o f the field study at BSF wetlands (Quebec, Canada). Site 1 is the 
main research center, and site 2 is designed for Hg speciation study
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Two study sites were set up for technieal and practical purposes. Site 1 was our 
main research station, which was huilt up on elevated platforms near the river shore. 
Extensive atmospheric parameters (e.g. relative humidity, net radiation, air temperature, 
precipitation, wind speed and direction) were monitored at 5-min intervals. Hg 
concentration was measured by an automatic Hg analyzer (Tehran® 2537A) housed in an 
air-conditioned trailer. Electrical power was supplied by a generator accommodated in 
another trailer that is about 50 m away. Two approaches namely Bowen ratio (BR) and 
dynamic flux bag (DFB) approaches were used for air-vegetation flux measurement. The 
flux measurement by Bowen ratio approach was conducted from late May to mid 
September, and the dynamic flux bag technique was used from late August to the early 
September. The vegetation covered by the dynamic flux bag is scirpus, which is the 
dominant vegetation species (51% -75% ) in BSF wetlands. In site 1, the air-vegetation 
flux measurement using dynamic flux bag was performed under dry conditions.
Site 2 was our base campaign center and is approximately 2 km southeast o f the 
site 1. Atmospheric parameters (e.g. relative humidity, solar radiation, temperature, wind 
speed and direction) are monitored in site 2 as well. The automated Hg analyzer is housed 
in a commercial tent equipped with fans for ventilation. In site 2, water level is about 20 
cm above the sediment; thus rooting zone of vegetation is under water. Air-vegetation 
surface exchange flux and Hg flux speeiation study under flooded conditions by dynamic 
flux bag method was conducted in August in site 2. The detailed study period at each site 
can be found in Table 4.1.
Table 4.1. Summary of experiment dates and locations in 2003
Location Method Measurement Starting date Ending date Sample number
Site 1 BR Total gaseous mercury May 20 September 15 2142
Site 1 DFB Total gaseous mercury August 23 September 5 217
Site 2 DFB Total gaseous mercury August 16 August 22 142
Site 2 DFB Mercury speciation August 20 August 24 46
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.3.2. Instrumentation
Mercury Concentration Measurements
The total gaseous mercury concentration in the air was measured using a Tehran 
2537A automatic analyzer. Briefly, this instrument is based on amalgamation o f mercury 
onto a pure gold surface, followed by thermodesorption and analysis by Cold Vapor 
Atomic Fluorescence Spectrophotometry (CYAFS) providing for analyses o f TGM in the 
air at sub ng/m^ levels (Bloom and Fitzgerald, 1988). The dual cartridge design allows 
alternate sampling and desorption, resulting in continuous measurement o f mercury in the 
air stream (Poissant, 2000).
During the field sampling period, we observed that sometimes the measured 
concentration in the ambient air exhibits extreme variability. Hg concentration may have 
been affected by non-steady-state conditions due to the impacts of local sources, which is 
about 30 km away from the field site. In this study, the collected Hg concentrations due 
to the influence o f local anthropogenic sources were excluded. Overall, 39 (26 in June; 7 
in July and 6 in August) out o f 2506 (-1.6%) Hg concentrations were eliminated and the 
remaining data were used for further analysis.
The concentration of mercury species in the ambient air is measured by using a 
set of mercury speciation analyzer systems. A Tehran® 2537A analyzer coupled with a 
Tehran® 1130 and a Tehran® 1135 are used concurrently to measure gaseous elemental 
mercury (GEM), reactive gaseous mercury (RGM) and particulate mercury (PM; 
0.1-2.5pm), respectively (Tehran, 2001). During sampling, reactive gaseous mercury in 
the atmosphere is captured by the Model 1130 KCl-coated quartz annular denuder 
module. Particulate bound mercury (PM) is trapped onto a unique quartz regenerable 
filter located within the Model 1135. GEM passes through both units and is continuously 
analyzed by the Model 2537A. The RGM and PM components are then sequentially 
desorbed during the analysis phase. The 1130 and 1135 speciation units were configured 
to collect 1-h samples at a 10 L/min flow rate. During the 1-h sampling period, the 2537A 
analyzer continuously quantified 5-min GEM samples. After the 1-h sampling period, the 
1130 and 1135 systems were flushed with Hg-free air during the next 1-h period, and PM 
as well as RGM were sequentially thermodesorbed and analyzed. The quartz filter was
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heated to 850 °C for 20 minutes and the armular denuder was heated to 500 °C for 15 
min. Thus, PM and RGM collected were thermally decomposed into a Hg-free air stream 
and subsequently analyzed as GEM, respectively. The sampling and analyzing cycle is 2- 
h for GEM, RGM, and PM. The quartz filter collects fine particles (<0.1-2.5 pm) whereas 
the denuder collects oxidized reactive gaseous mercury compounds with a diffusion 
eoeffieient >0.1 cm^/s that readily adhere to a KCl coating at 50 °C (Landis et al., 2002). 
Hence, some PM fractions larger than 2.5 pm are missing in this study. However, since 
the site is remote from the potential sources (~ 30 km), only fine particles are expected in 
the air masses above the Bay.
The precision of the Tehran 2537A is 2% (Tehran, 2001). By taking 1.5 n g W  as 
the average o f measured total gaseous mercury concentration in the air, the detection 
limit is 0.06 ng/m^ for GEM concentration differences. The precision o f the Tehran® 
1130 and 1135 analyzer is not known. The Method Detection Limit (MDL) for RGM and 
PM using armular denuder and regenerable particulate filter methodology is suitable for 
high-resolution determination use based on standard deviation o f field blanks (3a). The 




Bowen Ratio (BR) method is one o f widely used micrometeorological techniques. 
Measurement of vertical Hg flux using Bowen Ratio approach is based on the assumption 
that in the atmospheric surface layer the transfers for heat and scalars are similar and are 
governed exclusively by turbulent diffusion. Bowen ratio approach estimates the vertical 
transport o f gaseous Hg on the basis of the energy balance at the surface. The surface 
energy budget (W/m^) is expressed as:
Rn —G = H + Le (4.1)
where R„ is net radiation for surface, G is the total soil heat flux, H is the sensible heat 
flux and Le is the latent heat flux density. This technique was first proposed by Bowen 
(1926), who defined the ratio (P) of sensible heat (H) to latent heat flux (Le) over a
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surface as a function o f the temperature and mole fraction o f water vapor gradients over a 
certain height interval:
(4.2)
Le A s ( W ^ - j r , )
where Cp is the specific heat of air (kJ/(kg.k)), X is the latent heat o f vaporization (kJ/kg), 
s is the ratio o f the molecular weight o f water vapor to dry air ( e s  0.622), T2, Ti and W2, 
Wi are temperature and mole fraction o f water vapor measured at lower and upper 
heights, respectively.
The sensible heat flux (H) and turbulent transfer coefficient (K) can be calculated 
using the following equations:




i T 2 - T , ) p C ^
where K  is the turbulent transfer coefficient (m/h), p is air density (k g W ), Zi and Z2 are 
upper and lower heights (m) of measurement, respectively.
Hg flux over the surfaces can be computed using the following equation:
F  AHg  (4.5)
where F is mercury flux (ng/m^/h), AHg is mercury concentration gradient over a 
known height interval (ng/m^). Measurements o f Hg concentrations at two heights with 
one Tekran® analyser was achieved by alternating sampling the concentration at upper 
and lower arms with paired solenoids. The concentrations at higher level (~2 m above the 
canopy) were obtained by consecutively measuring paired samples during two successive 
collection periods and taking the average o f two values. The same technique was used at 
the lower height (-0.5 m above the canopy). The gradients of Hg were determined as the 
concentration at the lower level minus the concentration at the higher one. A positive sign 
o f Hg flux means emission from surface to the atmosphere, a negative sign indicates 
deposition to the ground.
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The concentration gradients o f CO2 and H2O are measured as well at the same 
height intervals as Hg gradient measurement. The fluxes o f CO2 and H2O are calculated 
to investigate the relationship between CO2 and water vapor fluxes and Hg exchange flux.
Dynamic Flux Bag (DFB)
Flux chamber is widely used in many field studies (e.g. Hanson et al., 1995; 
Poissant and Casimir, 1998). However, this method is restricted by its limited size and 
stiff body structure when it is used to measure air surface exchange with tall vegetation. 
A custom-made Tedlar® bag with the dimensions of 900 mm x 1250 mm and a maximum 
volume of 200 L was used for the air-vegetation exchange measurements in this study. 
Tedlar® was selected as a construction material because it is inert, inexpensive, and 
durable. In addition, it was flexible and can follow the shape of the vegetation. In order to 
maintain the shape o f the bag and minimize the interference o f the interior o f bag with 
leaf surfaces, the bag was fixed by clamps on a steel frame that was outside the bag to 
prevent contamination from direct contact. Hg concentration inside the bag was measured 
by connecting the outlets to a Hg analyzer. Four outlet holes were linked into a manifold 
by Teflon® tubing to provide a better presentation of Hg concentration inside the bag. 
Four inlet holes on the bag were used to allow the ambient air in. These inlet and outlet 
holes were uniformly distributed on the bag. Once the vegetation was covered by the bag 
and all the connections were set, the bag is tightened but not air-tightened to leave the air 
streams in. A schematic setup for the DFB method is shown in Figure 4.2.
The DFB is an enclosure method, thus the local environmental conditions are 
altered by covering the vegetation with a bag. In previous studies, several researchers (e.g. 
Gustin et a l ,  1999; Wallschlager et al., 1999; Zhang et al., 2002; Lindberg et al., 2002) 
emphasized the importance o f flushing flow rate on the dynamic flux chamber. In this 
study the high flushing flow rate is obtained by using an external peristaltic pump. The 
pump continuously drew the air stream from outlet. A solenoid is used for alternately 
measuring Hg concentration inside the bag and in the air at 5 minute intervals. In order to 
evaluate the environmental conditions using dynamic flux bag approach, air temperature 
and relative humidity were monitored at the same heights both inside and outside the bag.
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Figure 4.2. Schematic setup o f dynamic flux bag for air-vegetation exchange 
measurement
The DFB is an enclosure method, thus the local environmental conditions are 
altered by covering the vegetation with a bag. In previous studies, several researchers (e.g. 
Gustin et al., 1999; Wallschlager et al., 1999; Zhang et al., 2002; Lindberg et al., 2002) 
emphasized the importance of flushing flow rate on the dynamic flux chamber. In this 
study the high flushing flow rate is obtained by using an external peristaltic pump. The 
pump continuously drew the air stream from outlet. A solenoid is used for alternately 
measuring Hg concentration inside the bag and in the air at 5 minute intervals. In order to 
evaluate the environmental conditions using dynamic flux bag approach, air temperature 
and relative humidity were monitored at the same heights both inside and outside the bag.
Air-vegetation mercury exchange flux is computed using the following equation:
[ g g l - f e l .
A Q
(4.6)
where F is the Hg flux (ng/m^/h, positive value means volatilization o f Hg from surface 
to the atmosphere, otherwise deposition is indicated), [Hg]o and [Hg]i are the mercury 
concentrations inside and outside o f the bag (ng/m^), respectively, Q is the flushing flow 
rate through the bag (m^/h), and A is the projected surface area. In this study A is the total 
one-side leaf area (m^) covered by the flux bag. The method to measure leaf area is as
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follow: all plants covered by the Tedlar bag were cut off after finishing the experiment. 
Then all leaves and stems were peeled off and spread onto a big piece o f paper sheet. The 
total leaf area is calculated by measuring the area occupied on the sheet.
Hg speciation study was conducted by dynamic flux bag approach as well. Hg 
speciation concentrations inside the bag and in the atmosphere were measured by 
manually cormecting or discormecting the outlet o f the bag to the speciation analyzer 
system. Only one outlet at the top o f the bag was used for Hg speciation flux 
measurement. The inlet o f the bag was made by not air-tightening the end o f the bag to 
let the ambient air in. Every 2-hour the Hg speciation unit alternately measured GEM, 
RGM and PM concentrations inside the bag and in the air. By knowing the 
concentrations of GEM, RGM and PM inside and outside the bag respectively, the 
corresponding flux o f Hg species can be calculated using equation (4.6).
Dry deposition velocity
To evaluate the characteristics of Hg transport from the atmosphere to the surface, 
dry deposition velocity (Vj) is computed based on the measured Hg flux (F) and 
concentration of the same Hg species (C):
Vd = F/C (4.7)
With the dry deposition fluxes of GEM, RGM, and PM and the corresponding 
concentrations, the dry deposition velocity of GEM, RGM, and PM can be obtained, 
respectively (Poissant et al., 2004a).
Measurements o f Meteorological Parameters
Meteorological parameters were measured at both sites at 5 minutes intervals. 
Metal towers equipped with instruments were used to monitor environmental parameters 
including net radiation, air and water temperature, relative humidity, precipitation, as 
well as wind speed and directions. In site 1, air temperature (T) and relative humidity 
(RH) were measured at the heights of 0.5, 2, 4 and 6 m above the ground using HMP35 
humidity/temperature probes (T = accuracy ~ 0.02°C, RH = accuracy ~ 0.7%). Net 
radiation for both shortwave and longwave is recorded using a Q-7.1 net radiometer. 
Wind speed and wind directions are recorded at 8 m height above the ground. Ozone 
concentration was measured at 0.5 m above the vegetation surface using a TECO 49®
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
analyzer. The analyzer was based on a UV absorption technique designed to continuously 
(5 second intervals) measure the ozone concentration. The analyzer was calibrated with 
both internal zero air and known amount o f ozone concentration (Poissant et al., 2004a).
In site 2, meteorological parameters were measured using the same models of 
probes but at different heights. Air temperature and relative humidity is monitored at 3.5 
m above the water surface. The sensors to measure net radiation, wind speed and wind 
direction were 4 m and 5 m high over the water body, respectively.
Regression analyses o f Hg flux with some meteorological parameters, such as net 
radiation, air temperature and wind speed were conducted to investigated the 
environmental factors affecting Hg air-vegetation exchange flux by Bowen ratio 
approach and Hg speciation study using dynamic flux bag at both sites.
In Hg speciation study, the total Hg concentration is determined by adding all the 
Hg speciation concentration, i.e. GEM, RGM and PM. The percentage o f each Hg species 
in total mercury is calculated by using GEM, RGM and PM concentration and the total 
mercury concentrations, respectively. The linear regression analyses o f Hg concentration 
with fluxes for each species were conducted as well.
QA/QC Protocol
The quality control protocol is carried out throughout the field and laboratory 
sampling and analysis processes. The Tekran® 2537A mercury analyzer is periodically 
calibrated by internal permeation source. Filter membrane inside the analyzer to remove 
fine particulate was replaced regularly. Detailed operation and calibration procedures of 
Tekran® 2537A can be found in Poissant (1997). The flux bag is cleaned by using zero 
airflow stream prior to the deployment. Blank tests o f flux bag were performed, and good 
results were achieved. The measured outlet and inlet air concentration differences for 
blanks are 0.06 + 0.1 ng/m^ (m ean±SD , N=133) and 0.06 + 0.13 n g W  (m ean±SD , 
N=97) before and after field measurement.
Meteorological parameters at both sites were measured by using same model of 
probes to minimize inter-instrumental differences. All instruments were calibrated in the 
laboratory before shipping to the field to maintain good working condition. Vertical 
gradient measurement biases (e.g. Hg, CO2, H2O) were minimized by alternatively 
sampling concentration at the two different heights utilizing a single instrument. To avoid
77
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
contamination with traces o f Hg compounds, clean techniques were carried out through 
all phases o f sampling and analyzing.
4.4. Results and Discussion
4.4.1. Hg Air -Vegetation Exchange Flux Using Bowen Ratio Method
Measured Hg concentrations, K values, gradient, and fluxes for each month from 
May to September are summarized in Table 4.2. Hg concentration ranged from 0.74 ~ 2.5 
ng/m^ with the maximum mean value o f 1.45 ± 0.16 ng/m^ occurring in June and 
minimmn level of 1.14 ±0.11 ng/m^ in September. The measured Hg concentrations are 
comparable with typical levels found over background conditions (e.g. Poissant and 
Casimir, 1998; Lindberg et al., 1998; Boudala et al., 2000).
Table 4.2. Statistical summary o f measured Hg concentration, fluxes and turbulent 
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The observed Hg fluxes are the net effect o f emission and deposition processes. 
As can be seen from Table 4.2, both emissions and depositions occurred throughout all 
the sample period. Emissions and depositions over vegetation are generally o f the same 
order. The frequency o f deposition varied from month to month, started from 50% in 
May, then increased during the following months and the frequency o f deposition 
reached a peak at 61% in September 2003. In August, both mean emission (23.9 + 36.5 
ng/m^/h) and deposition fluxes (27.7 ± 32.7 ng/m^/h) reach the maximum with the largest 
variation (-206~296 ng/mVh). The narrowest range of Hg flux were measured in May (- 
37.9-98.3 ng/mVh) with the minimum mean emission (9.9 ± 1 6  ng/m^/h) and the 
minimum mean deposition flux (7.6 ± 8 ng/m^/h) occurring simultaneously in that month.
Monthly patterns o f measured Hg fluxes over vegetation on the basis of hourly 
mean values from May to September are shown in Figure 4.3. Hg fluxes in May, June 
and July displayed clear diurnal patterns. Main emission occurred during daytime and net 
flux approached zero or turned to deposition during nighttime or early morning. The 
fluxes from July to September exhibited wider variations and the diurnal patterns are not 
sharp. In August and September, the maximum fluxes occurred around 15:00 and the 
fluxes decreased during the following hours and the reached maximum deposition fluxes 
at 16:00 in August and 17:00 in September.
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Figvire 4.3. Hourly mean Hg fluxes measured over vegetation by BR from May to 
September
Monthly mean turbulent transfer coefficient K, air temperature, and Hg flux from 
May to September is shown in Figure 4.4. It is widely accepted that K is related to 
surface roughness and other environmental variations including air temperature and wind 
speed (Lindberg et al., 1998; Kim and Kim, 1999). As expected, the highest mean K 
value (0.31 ±0.32 m/s) was measured in August when the plants were fully-grown and 
leaf surface reached the maximum (Figure 4.4a). The lowest K (0.13±0.11 m/s) occurred 
in May when the majority of the landscape was covered by bare soil. The K values in this 
study were higher than 0.02 ± 0.11 m/s reported by Kim et al. (1995) from a forest floor, 
but lower than 0.63 ±0.18 m/s from forest canopy reported by Lindberg et al. (1998). Our 
K values were comparable with the data measured over wetlands by Lindberg and 
Meyers (2001), who reported turbulent exchange rate in the range of 0.05~1.36 m/s. The 
gradients ranged from -0.35 ng/m^ (deposition or foliar uptake) to 0.22 ng/m^ (emission), 
with the lowest mean gradients measured in May (-0.0002 ± 0.02), which is about one 
order smaller than those measured during plant growing periods from June to September.
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Figure 4.4. Monthly mean of (a) turbulent transfer coefficient K, (b) total gaseous 
mercury flux, and (c) air temperature, measured from May to September, 2003
The mean Hg flux shown in Figure 4.4b exhibited an interesting pattern. Hg flux 
in May was emission (1.1 ± 15.3 ng/m^/h), and the fluxes turned to deposition during the 
following months with the highest deposition occurring in August (-5.1 + 42.9 ng/m^/h). 
Similar trends of net flux was reported by Lee et al. (2000), who measured Hg flux over a 
coastal salt marsh vegetation Connecticut, USA. They found that the mean net flux 
changed with the plant biological activities in terms of time. The highest mean net flux 
(1.8 + 7.2 ng/m^/h) was measured from late March to early April 1998, a period o f marsh 
complete leaf-out. Then net deposition occurred (-0.4 ± 9.0 ng/m^/h) during early growth 
o f vegetation between early May and late June 1998. In the full foliage period, the 
highest deposition value (-3.3 ± 12 ng/m^/h) was recorded from late Jvme to mid July 
1998. Our measured net fluxes are o f same magnitude as their reported ones and have the 
similar trends from evasion to deposition with respect to time. It seems that during this 
study period the net fluxes decrease from a smoother surface (little vegetation) to a
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rougher surface (grassland) and the net flux in June (-0.46 ± 16.9 ng/m^/h) was the 
transition period from evasion to deposition.
The monthly pattern o f air temperature shown in Figure 4.4c reveals some 
interesting features. The high turbulent coefficient and deposition flux occurred in 
August. As can be seen, the mean air temperature has the similar pattern as the K values 
and fluxes; both have the highest values in August and lowest levels in May.
Dry deposition velocity of total gaseous mercury is computed using equation 4.6. 
Three main components govern dry deposition velocity of gaseous mercury, namely, 
turbulent diffiision in the atmosphere, molecular diffusion at the ground surface and 
uptake by the surface (Poissant et al., 2002). The median deposition velocity for each 
month is shown in Figure 4.5. The median deposition velocity is lower than the mean 
value, which indicates that the deposition velocity is positively skewed. The highest 
median dry deposition velocity was measured in August (0.35 cm/s) and the lowest 
median deposition value occurred in May (0.10 cm/s), which are consistent with the 
maximum deposition flux occurred in August and minimum deposition flux in May. The 
computed dry velocity agrees well with previous studies. For example, Poissant et al. 
(2004a) reported median TGM dry deposition velocity of 0.19 cm/s over vegetation in 
wetlands in summer 2003, and Lindberg et al. (1998) measured mean Vd of 0.4 ± 0.3 cm/s 
over forest canopy using modified Bowen Ratio approach in summer 1993.
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Figure 4.5. Monthly median dry deposition velocity o f total gaseous mercury from May 
to September 2003 (the boxes in the figure are the interqutile range boxes, with the 
bottom lines representing the firstqutile and the upper lines meaning the thirdqutile, the 
lines inside the range boxes indicate the median values; the small dots inside each box 
plot are the mean values)
The influences o f environmental conditions were evaluated to determine the 
effects on air-vegetation exchange processes. The selected meteorological parameters 
during this field campaign (May to September, 2000) are summarized in Table 4.3. Mean 
air temperature reached the peak value (20.9 ± 4°C) in August, while mean air 
temperature in May is the lowest (14.6 ± 3.9°C). Interestingly, mean net radiation in 
August (117 ± 172 W/m^) did not coincidentally reach its maximum level with air 
temperature. The strongest mean net radiation occurred in June (133 ± 197 W W ) and 
minimum mean value (109± 167 W/m^) appeared in September.
The regression analysis o f the main environmental effects on Hg fluxes was 
performed and the results are shown in Table 4.4. Overall, Hg flux exhibits significant 
correlations with net radiation except in August. The positive correlations of
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Table 4.3. Summary o f  selected micrometeorological parameters during field study using Bowen Ratio approach from May to 
September 2003











Water vapor Soil heat flux at 
flux (W W ) surface (W W )
Sensible heat 
flux (W W )




Range 7.7-28.2 -75-693 -0.92-2.4 -0.14-0.24 10.7-19.4 0.23-1 -329-591 -11.2-137 -389-843 0.5-0.55 0.2-9
May Mean 14.6 ± 3 .9 130 ±  197 0.14 ±  0.42 0.02 ±  0.04 14.2 ± 2 .0 0.75 ±  0.22 49.1 ±  108 41 ±  30.3 39.2 ±  151 0.52 ±0.01 3.9 ± 2 .3
Median 13.9 40.7 0.06 0.01 14 0.80 29 32.9 4.2 0.52 3.6
N 266 266 266 266 266 266 266 266 266 266 266
Range 7.9-30.2 -63.6-639 -2.9-5.9 -0.11-0.27 10.1-22.5 0.25-1 -262-655 -5-126 -302-271 0.48-0.64 0.2-10.5
June Mean 17.3 ± 4 .7 133 ±  197 0.09 ± 0 .98 0.03 ±  0.05 16.4 ± 2 .5 0.72 ± 0 .2 71.9±  113 40.5 ±  27.7 18.7 ± 9 5 0.53 ±  0.04 2.4 ± 2 .1
Median 16.7 38.5 -0.07 0.02 16.3 0.73 43.9 34.1 8.2 0.51 2
N 497 497 492 492 497 497 492 497 492 497 497
Range 11-29.2 -58.9-627 -3.2~5.5 -0.12-0.24 15.8-21.5 0.31-1 -278-583 -0.61-68.3 -203-660 0.34-0.49 0.2-7
July Mean 19.9 ± 3 .7 128±  189 0.02 ± 0 .64 0.02 ±  0.03 18.5 ± 0 .9 0.81 ± 0 .17 44.2 ±  82.7 31.5 ±  10.4 52 ±  137 0.39 ±  0.03 2.2 ±  1.3
Median 19.5 33.9 8.4*10'^ 0.007 18.33 0.84 16.5 30.7 -0.33 0.39 2
N 557 557 557 557 557 557 557 557 557 557 557
Range 9.4-29.3 -55-586 -2.8-11.1 -0.18-0.29 14.4-23.1 0.3-1 -427-688 -4.6-73 -343-776 0.35-0.66 0.2-6.2
Aug Mean 20.9 ±  4 117± 172 0.06 ± 0 .8 0.02 ± 0 .04 19 ±  1.8 0.81 ± 0 .17 51 ±  96.3 31 .7±  11.6 34.4 ±  135 0.52 ± 0 .1 2 ±  1.4
Median 21.2 28.5 0.008 0.01 19.3 0.85 26 32.4 1.6 0.51 1.9
N 602 602 600 600 602 602 598 602 601 602 598
Range 5.7-27 -55-482 -2.1-2.2 -0.08-0.15 11.1-16.3 0.4-1 -183-359 -25-48.3 -92.5-423 0.36-0.45 0.2-5.3
Sep
Mean 17.1 ± 4 .7 109 ±  167 0.1 ± 0 .4 0.01 ±  0.02 14.5 ±  1.1 0.8 ±  0.2 26.4 ±  55.7 26.4 ±  12.1 56.9 ±  142 0.41 ±  0.03 1.6±  1.1
Median 17.2 0.98 0.06 0.004 14.7 0.83 10.9 28.6 -11.3 0.41 1.3















Table 4.4. Summary o f correlation coefficients o f measured Hg fluxes with some selected micrometeorological factors for each 
month from May to September 2003
Month Hg gradient (ng/m^)
Kw
(m/s)


















May 0.73** 0.28** 0.22** 0.31** -0.15* -0.09 0.14* -0.05 -0.09 0.33** 0.43** -0.09 -0.08
June 0.71** -0.06 0.07 0.19** -0.05 0.16** 0.03 -0.15** 0.16** 0.17** 0.12** 0.01 0.02
July 0.68** 0.07 0.17** 0.17** -0.07 0.05 0.07 -0.05 0.05 0.17** 0.17** 0.02 0.07
Aug 0.71** 0.01 0.03 0.05 -0.11** 0.09* -0.01 -0.03 0.09* 0.01 0.01 -0.03 0.10*
Sep. 0.63** 0.07 0.06 0.14* -0.22** 0.13** -0.07 -0.12 0.13* 0.06 0.12 -0.004 0.17*3-
5  ** Correlation is significant at/?< 0.01 level (2-tailed).














Hg fluxes with H2O vapour flux and negative correlation with CO2 fluxes in some 
months are not strong but are significant. A study by Lindberg et al. (2002) was reported 
strong correlation o f fluxes with water vapour fluxes, suggesting that Hg is transpired to 
the atmosphere through vegetation. The negative correlation with CO2 fluxes might relate 
to the biological characteristics o f vegetation, such as metabolism and photosynthesis of 
vegetation.
4.4.2. Hg Air -Vegetation Exchange Flux Using DFB
Quantifying Hg flux using DFB is one o f the first field attempts for Hg air- 
vegetation exchange flux measurement. This experiment aimed to investigate the role of 
mono-plant, namely scirpus fluviatilus in Hg air surface exchange processes. The study 
was conducted under dry wetland conditions at site 1 and under flooded conditions at site 
2 during two study phases (Table 4.1). As recognized by previous studies (Zhang et al., 
2002; Gustin et al., 1999a and 1999b), the proper selection of optimum flow rate is 
critical for the flux measurement using enclosure methods. According to the two- 
resistance exchange interface model proposed by Zhang et al. (2002), high flow rate may 
alter the aerodynamic conditions at boundary layer and decrease exchange resistance. 
Thus the high flushing airflow promotes Hg exchange flux and the low flow rate may 
cause Hg accumulation in the bag leading to the underestimate of Hg flux. In site 2, three 
flow rates: Q=20, 40 and 48 l/min have been used to measure Hg fluxes. Due to the 
possibility o f underestimation fluxes using low flow rate (Q=20 l/min), the fluxes 
measured using high flow rate (Q=40 and 48 l/min) are selected for final data analysis. 
Based on the field experience in site 2, only Q= 48 l/min was used for Hg fluxes 
measurement in site 1. The time series o f Hg flux in site 2 is shown in Figure 4.6. As can 
be seen, in most days the high flushing airflow promotes Hg exchange fluxes. Deposition 
fluxes in daytime are higher than the one at night, and nighttime fluxes are close to the 
detection limit o f the system of Tekran analyzer and DFB. This indicates that daytime 
exchange is more active than that at night. During daytime Hg fluxes exhibit two peaks, 
one is in the early morning and one is at noon. Similar observations are reported by 
Lindberg et al. (2002) and they suggested that this might be related to different gas 
exchange dynamics: the first one might associated with lacunal gas release, and the 
second one may relate to transpiration.
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Figure 4.6. Time series o f Hg fluxes measured using DFB approach and net radiation 
from August 15 to 22, 2003 in site 2
Hg air-vegetation flux measurement using DFB is conducted under different 
wetland conditions at two sites, namely under dry conditions in site 1 and under flooded 
conditions in site 2. The computed Hg fluxes along with selected main meteorological 
parameters measured inside and outside the bag at both sites were summarized in Table
4.5. As can be seen, site 2 has warmer air temperature (22.3±3.7 vs. 16.3±3.9 °C), 
stronger net radiation (140.3 + 214 vs. 89.2 ± 168.2 W/m^) and lower relative humidity 
(0.74 ±0 .16  vs. 0 .7810 .19) compared with site 1. In site 1, the measured Hg flux 
fluctuated in a wide range, from -0 .9  to 0.64 ng/m^/h with the average value o f -  
0.27 ± 0.28 ng/m^/h. In site 2, the mean Hg flux was -0.33 ± 0.24 ng/m^/h within the 
range of-0.98~0.08 ng/m^/h. The mean deposition flux in site 2 is a little higher than the 
flux in site 1.
The effects o f Hg flux with net radiation and air temperature is evaluated using 
linear regression analysis at both sites. Under dry conditions, Hg flux is moderately 
correlated with NR (r = 0.39, p<0.01), while no significant correlation was found under
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Table 4.5. Selected meteorological data measured both inside and outside bag and Hg 
fluxes by using DFB approach from in site 1 and at site 2
Parameters Value Site 1 Site 2
Range 8.7-25.5 15.4-29




Temperature in the bag (°C) Mean 20.9 ±  10 27.3 ±  8.9
Median 16.9 23.2
N 217 98






0.79 ±  0.2 
0.85
0.43-1
0.76 ±  0.17 
0.80
N 217 98






0.75 ±  0.26 
0.85
0.29-0.99
0.74 +  0.24 
0.84
N 217 98





1.48 ± 0 .39
1.51-2.74 
2.07 ±  0.29
Median 1.47 0.25
N 217 98





1.71 +  0.4
1.7-4 








Hg flux (ng/m%) Mean -0.29 +  0.29 -0.33 ±  0.24
Median -0.28 -0.27
N 217 96
flooded conditions. It is noticed that the deposition flux is predominant over emission at 
both sites, and Hg emission in site 1 is more frequent than in site 2. Approximately 15% 
of fluxes were emission in site 1, whereas in site 2 the emission frequency decreased to 
~3%. Thus emission frequency occurring under dry conditions are 5 times greater than 
under flooded conditions. Owing to the above differences, we thought that Hg fluxes are 
probably more promoted to emit from vegetation under dry conditions than vmder flooded 
conditions. Thus water levels play a role in influencing Hg air-surface exchange rates. 
Similar observations were also reported by Poissant et al. (2004b), who reported higher
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median Hg fluxes measured over bare soil imder dry wetlands conditions and lower 
median flux under flooded conditions using dynamic flux chamber approach.
4.4.3. Mercury Flux Speciation Study
The importance o f quantifying Hg speciation is well emphasized by many studies 
(Lindberg and Stratton, 1998; Poissant et ah, 2004a). An experiment designed to measure 
mercury speciation and deposition was conducted using DFB approach from August 20 
to 24, 2003. The statistical data for main meteorological parameters, concentrations, 
along with computed fluxes o f all three species is summarised in Table 4.6. Mercury 
concentrations o f GEM, ROM and PM are calculated separately in terms of sample 
locations, namely in the atmosphere and inside the bag. For the whole data set, measured 
ROM concentration ranged from 0 to 8.5 pg/m^ with a mean value of 0.96 ± 1.53 pg/m^. 
The measured PM concentrations varied from 0.82 to 39.2 pg/m^ with an average 
concentration o f 6.5 + 8.0 pg/m^. The PM concentration comprises 0.07-2.5% of total 
gaseous mercury (TGM), which greatly exceeded RGM in TGM (0-0.47%). Overall, the 
total amovmt o f PM and TGM account for less than 1% of TGM. Our observations are 
somewhat contradictory to the results by Lindberg and Stratton (1998), who reported 
higher RGM percentage in TGM (-3% ) in a forest by using mist chamber (MC) 
technique. However, our data are consistent with the previous study conducted at the 
same location (Poissant et al., 2004a). These latter researchers reported less than 1% of 
RGM and PM in total gaseous mercury concentration in the air. They suggested that the 
low fractions of RGM and PM were the indication o f the relatively aged air masses.
In this study, measured GEM, RGM and PM in the bag are lower than the levels 
in the air xmder most circumstances (Table 4.6), which indicates that deposition 
dominates the exchange processes. The time series o f TGM, GEM, RGM and PM fluxes 
shown in Figure 4.7 reflect these results. Measured mean GEM flux was -1 .0110 .72  
n g W /h  with maximum deposition flux of 2.76 ng/m^/h and emission rate o f 1.04 
ng/m^/h. Compared to GEM, both RGM and PM have much smaller fluxes. The average 
RGM value is -2 .8  ± 4.8 pg/m^/h (-19.2-2.8 pg/m^/h) and average PM level is -3.3124.5 
pg/m^/h (-94.8-57.1 pg/m^/h), respectively. The negative signs o f average GEM, GRM 
and PM fluxes indicate that overall scirpus has the ability to adsorb Hg from atmosphere 
to the leaf surfaces.
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Table 4.6. Statistical data sets for measured concentration and fluxes o f GEM, RGM and 
PM using DFB approach
Parameters Minimum Maximum Mean
Environmental condition
Std N
Air temperature CO 8.75 29.72 20.31 20.75 49
Net radiation (W/mb -76.1 611.6 134.3 26.7 49
Ozone (ppbv) 12.99 91.75 33.51 32.04 49
Hg concentration measured 
inside the bag
TGM (ng/m’) 
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8/20/03 8/20/03 8/21/03 8/21/03 8/22/03 8/22/03 8/23/03 8/23/03 8/24/03 8/24/03 8/25/03
0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00
Time (ESI)
Figure 4.7. Time series o f TGM, GEM, RGM and PM flux measured by DFB method
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The dry deposition velocities for all three species were calculated based on the 
fluxes and concentrations obtained in this study. The results shown in Table 4.7 indicate 
that median dry velocity o f GEM, RGM and PM are of the same magnitude, namely 0.02 
cm/s (GEM) < 0.04 cm/s (PM) < 0.07 cm/s (RGM) cm/s. The dry deposition velocity of 
GEM is close to the results reported by other studies. For example, Xu et al. (1998) 
calculated the average o f Vd = 0.06 cm/s (GEM), and Lingberg and Stratton (1998) 
reported Vd = 0.09 cm/s (GEM) based on measured concentrations in forest and 
published models. However, the dry deposition velocity of RGM and PM were lower 
than the data measured using different approaches. Poissant et al. (2004a) reported 2.1 
cm/s (PM) < 7.6 cm/s (RGM) on the same study site using modified Bowen ratio 
approach in summer 2002. Lingberg and Stratton (1998) calculated Vd = 0.4 cm/s (RGM) 
over grass by mist chamber and 2.1 cm/s (PM) < 7 .6  cm/s (RGM) by models. We 
suspected that the low dry deposition velocities o f RGM and PM is probably due to the 
low fluxes measured using DFB, which altered the local environmental conditions by 
covering the vegetation.
Table 4.7. Summary o f GEM, PM and RGM dry deposition velocity using DFB approach 
at the BSF in summer 2003
Parameters N Median Mean Std Minimum Maximum
GEM deposition velocity, cm/s 44 0.022 0.025 0.017 0.002 0.08
PM deposition velocity, cm/s 38 0.038 0.093 0.21 0.001 1.23
RGM deposition velocity, cm/s 27 0.069 0.09 0.128 0.02 0.71
The correlation coefficients between different Hg species o f concentrations and 
fluxes are shown in Table 4.8. Both PM and RGM concentrations are moderately 
correlated with GEM concentration (r = 0.30 and r = 0.34, /><0.05). Coincidentally these 
correlation coefficients are the same as PM and RGM fluxes with GEM flux (r = 0.30 and 
r = 0.34, p<0.05). Inverse relationships are found between RGM concentration and all 
species fluxes. Among them the RGM concentration has the strongest anti-correlation 
value with RGM flux (r = -0.53,/><0.01). The time series of RGM flux and concentration 
shown in Figure 4.8 displays an interesting pattern. The peak RGM concentrations 
concurrently happen with the large RGM deposition on August 2 1 -2 3 . Similar
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Table 4.8. Regression analyses of correlation between different Hg species o f concentrations and fluxes




















TGM flux (ng/m^/h), N=48 .998** 0.33* 0.35* 0.20 0.26 -0.20 0.21 -0.30* -0.37** -0.50**
GEM flux (ng/m^/h), N=48 1.000 0.30* 0.34* 0.20 0.26 -0.20 0.20 -0.30* 0.37** -0.49**
PM flux (ng/m^/h), N=48 1.000 0.22 0.28 0.11 -0.04 0.27 0.09 -0.09 -0.12
RGM flux (ng/m%), N=48 1.000 0.02 0.09 -0.53** 0.02 -0.17 -0.08 -0.41**
GEM conc. (ng/m’), N=48 1.000 0.30** 0.34* .999** -0.02 0.02 -0.01
PM conc. (pg/m^), N=48 1.000 0.19 0.32* 0.10 0.07 -0.06
RGM conc. (pg/m’), N==48 1.000 0.35* 0.28* 0.27 0.41**
** Correlation is significant p< 0.01 level (2-tailed). 







observations were reported by Poissant et al. (2004a) and they suggested that the RGM 
was produced by the photochemical reaction and removed rapidly at the surface by dry 
deposition.
- RGM concentration RGM flux
8/20/03 8/20/03 8/21/03 8/21/03 8/22/03 8/22/03 8/23/03 8/23/03 8/24/03 8/24/03 8/25/03 
0:00 1200 0:00 12.00 0:00 12:00 0:00 1200 0:00 1200 OOO
Time (ESI)
Figure 4.8. Time series o f RGM coneentrations and RGM fluxes measured by DFB 
approach
The influence o f ozone (O3), one o f the major pollutant components, on the 
effects of Hg species study was also investigated. Measured ozone concentration during 
the study period was 33.5 ± 14.5 ppbv with a range from 13 to 92 ppbv. The regression 
analysis o f ozone with mercury species flux and concentrations is shown in Table 4.9. 
Strong anti-correlation between ozone concentration and other Hg speciation fluxes (r =- 
0.5,p<0.01; r= -0.49,/?<0.01; r=-0.12,/?>0.05 and r=-0.4, j5<0.05 for TGM, GEM, PM 
and RGM, respectively) were observed. No significant correlations o f ozone with Hg 
speciation concentrations were found except with RGM concentration (r= 0.41,/?<0.01), 
implying the possibilities o f chemical reactions o f gaseous elemental mercury with ozone 
to produce RGM.
4.4.4. Comparison of the Results by Two Methods in Hg Air-Surface Flux
The fluxes by Bowen ratio were measured from late May to mid September and 
Hg flux study using dynamic flux bag approach was conducted from mid August to early 
September. Due to the limited measurements by DFB, data by both methods were only
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available from August 16 to 22 in site 2 and from August 23 to 28 in site 1. In site 2 the 
measured mean Hg flux was -0.28 n g W /h  using DFB and the mean value was -1 .9  
n g W /h  by Bowen ratio approach. In site 1, the mean Hg flux was -4 .4  ng/m^/h and -  
0.26 ng/m^/h by Bowen ratio and DFB techniques, respectively. Overall, the measured 
Hg fluxes by these two approaches were indicative o f deposition-dominant trends. 
However, the mean net fluxes determined by Bowen Ratio approach were about one 
order larger than those measured by DFB method.
A linear regression analysis of Hg flux obtained by Bowen ratio and DFB 
approaches was conducted. The results indicate that the correlation between these two 
approaches is insigniflcant. This can be explained by the following reasons: 1) the 
vegetation measured by two approaches was not the same. Hg fluxes measured by Bowen 
ratio approach integrates fluxes over large landscapes, which covers multi-species of 
vegetation including scirpus, sagitaria latifolia and butomus umbellatus; thus has 
different structure characteristics. While DFB approach measures Hg air surface 
exchange with mono-speeies o f vegetation (scirpus); 2) the DFB is an enclosure method, 
which alters the local environmental conditions by covering the media with the bag. It 
has been noticed that during nighttime, the air temperature, relative humidity inside the 
bag normally higher than that in the ambient air; 3) the biology o f the plants might be 
altered by the bag because it blocks approximately 11% of the photosynthetie active 
radiation (Appendix B); 4) the formation of condensation caused by green house effects 
is another factor influencing the exchange flux. Some information about the condensation 
inside the bag is summarized in Table 4.9. Our results suggest that micrometeorological 
technique can be used as an effective tool to determine Hg fluxes under different 
environmental conditions. However, dynamic flux bag has its own merits as a simple, 
portable, and inexpensive approach. Further researches will be required to improve the 
DFB method by reducing the green house effects.
Table 4.9. Some information about the measured condensation inside the bag
Site Date Volume (ml) Hg concentration (ng/1)
site 2 (Total gaseous Hg study) 8/19/2003 35.9 3.6
site 2 (Hg speciation study) 8/22/2003 125.5 11.2
site 1 (Hg speciation study) 8/24/2003 71.3 16.8
site 1 (Total gaseous Hg study) 9/5/2003 42.9 11.2
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4.5. Conclusions
Measured Hg flux by Bowen ratio in August has the highest deposition value 
eompared with the flux measured in June, July and August. The flux in May is emission. 
The correlation coefficient o f Hg flux with net radiation is significant most o f the time, 
which indicates that net radiation influence air-vegetation exchange fluxes. The measured 
median dry deposition of total gaseous mercury is in the range o f 0.11~0.58 cm/s, which 
agrees well with previous studies.
Air-vegetation exchange study by dynamic flux bag is one of the first attempts of 
flux measurement. Measured RGM, PM concentrations are small and aecoimt for less 
than 1% of total gaseous mercury. The fluxes by the DFB approach during most sampling 
period are deposition, which is consistent with the flux measured by Bowen ratio. 
However, the flux by dynamic flux bag is one order smaller than the value by Bowen 
ratio. This is probably due to the alternation of the local environmental conditions by 
covering the vegetation with the bag. In addition, the biology of the plants might be 
altered. Future studies are needed to improve the bag by reducing the green house effects.
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CHAPTER 5 
FUTURE RESEARCH DIRECTIONS
This thesis presents the results of our research on Hg air-surfaee exchange fluxes 
in background wetlands in summer 2003. Our data show that Hg flux over soil has the 
highest value compared with flux exchange with water and vegetation. However, the 
fluxes measured over vegetation, water and soil are conducted in the mid June, mid July 
and late July, respectively. Thus the measured fluxes over these three media are subject to 
different meteorological conditions. As mentioned previously, environmental factors, 
such as solar radiation and air temperature, have strong influences on air-surfaee 
exchange flux. The effects o f different media on Hg air-surfaee exchange flux should be 
investigated under comparable conditions. Therefore, measuring Hg flux over air, water 
and vegetation concurrently is recommended to minimize the influences o f different 
meteorological conditions.
Several new models are developed and used to estimate Hg air-water flux. The 
newly developed models performed well during both model development and evaluation 
periods using BSF data. The verification o f these new models using datasets from other 
sites will lead to the improvement o f the models in quantifying mercury air-water 
exchange on local scale, and moreover, on a larger scale. In addition, soil is an important 
compartment involved in atmospheric mercury surface exchange process. Further studies 
are needed to work on Hg air-soil flux models.
In this study, Hg air-vegetation flux was measured using both 
micrometeorological method (Bowen ratio) and enclosure (DFC and DFB) approaches. 
The DFB approach is one of the first attempts to quantify total mercury and mercury 
speciation exchange flux with vegetation. The DFB measurement was performed in the 
late August and the Bowen ratio method was conducted from May to September in 2003. 
Our data indicate that the flux by Bowen ratio is one order larger than that by DFB and 
DFC. We suspect that the low fluxes measured by DFC/DFB are mainly due to the 
alteration of the local environmental conditions by covering the media with the 
chamber/bag. In addition, the biology o f the plants might be altered by the bag because it 
blocks approximately 11% of the photosynthetie active radiation. The formation of
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condensation caused by green house effects is another factor influencing the exchange 
flux. Further research is needed to improve the DFB by reducing the green house effects.
The enclosure method is a very simple and inexpressive approach for Hg 
exchange flux measurement compared to the micrometeorological method. The 
establishment of the correlation, if  possible, between the fluxes by micrometeorological 
approach and enclosure approach will be extremely beneficial to scale the limited flux 
measurements. This calls for the flux measurement by the two approaches be conducted 
in parallel and for a longer period. The longer-term flux observation is also recommended 
to address the seasonal as well as the inter-annual variations.
Research indicates that air-surface exchange flux varies with different vegetation 
species. The air-vegetation exchange flux can be emission or deposition depending on the 
vegetation species. In this study, DFC approach was used to measure air-surface 
exchange with two species of vegetation on water, namely scripus and nenuphar. 
However, the experiment by DFB only measures air-surface exchange with scripus. It is 
suggested to measure the Hg exchange flux with more vegetation species in future studies. 
Thus the database o f air-vegetation flux will be extended.
Hg concentration gradient measured at larger height intervals is usually greater 
than that at smaller intervals. Thus, a larger height interval is recommended for future 
field experimental studies, because the small concentration gradient measurement is 
restricted by the precision o f instruments.
In summary, it is recommended that Hg flux over soil, water and vegetation 
should be conducted concurrently in future studies to investigate the roles o f the surface 
media. New models on air-soil flux need to be developed and the measurement of 
exchange fluxes over more vegetation species are suggested. The long-term flux 
measurement by both the micrometeorological method (Bowen ratio) and enclosure 
approach (DFC and DFB) is important for the scaling up of Hg flux observation. A larger 
height interval is recommended for Bowen ratio approach, and the improvements o f DFB 
approach are required.
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APPENDIX A
Statistical Summary o f the Field Chamber Blanks (ng/m )
Periods (Time: EST) Blanks (ng/m^)
Minimum -1.13
Maximum 0.88




Number of measurements 29
Minimum -0.93
Maximum 1.14
3:00 7/4/2003 -  13:15 7/4/2003 Mean 0.43
Median 0.49
s.d. 0.37
Number o f measurements 59
Minimum -0.24
Maximum 0.59




Number o f measurements 94
Minimum -2.19
Maximum 0.99
9:00 7/22/2003 -  11:35 7/23/2003 Mean 0.03
Median 0.1
s.d. 0.37
Number o f measurements 160
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APPENDIX B
Calculated tansmissivity o f the dynamic flux bag
The measurement o f radiation (Model IL 1700, International light Inc.) was conducted 
atl5:00 (EST) on April 28,2004 at Windsor, Ontario, Canada (42‘’18.27’N, 83‘’3.98’ W)
Locations
(>250 nm, W /m )
Wave band
Total Radiation UVA (297-390 PAR (440-730 IR (685-1000
nm, W/m ) nm, LUX) nm, W /m)
In the bag










the bag (%) 82% 84% 89% 77%
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